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ABSTRACT
The 1,3-diaza-Claisen rearrangement was discovered and developed in the
Madalengoitia group since 2004. The rearrangement is initiated by the desulfurization of
the electron deficient thiourea and isothiourea to obtain the highly electrophilic
carbodiimide which can be reacted with an allylic tertiary amine to form the zwitterionic
intermediate which then undergoes [3,3]-sigmatropic rearrangement. Previous
investigation includes multiple examples of successful formation of complex guanidines
through intermolecular and intramolecular variants. Providing an easy access to
guanidine which is one of the most prevalent functional groups in the biologically
relevant system, the rearrangement can be a valuable tool in the organic synthesis.
The ring expanding 1,3-diaza-Claisen rearrangement is facilitated by the
thiophilic metal promoted desulfurization of the isothioureas tethered to vinyl pyrrolidine
which affords electron deficient carbodiimide. Addition of the tertiary amine to the
carbodiimides via intramolecular cyclization forms zwitterionic spirocycles which then
undergo 1,3-diaza-Claisen rearrangements to afford nine-membered ring guanidine
containing fused bicycles with cis-alkene. The mechanistic study with the various
additives and DFT calculations revealed that Lewis acid promoted cationic [3,3]sigmatropic rearrangement mechanism is at play which results in dramatic rate
acceleration. The substrate scope examination with varying tether lengths and electron
withdrawing groups has shown the less electron deficient carbodiimides engage in faster
rearrangement and works optimal with shorter carbon tethers.
The vinyl piperidine ring expansion reactions exhibited the reaction trend similar
to the non-strained system. Desulfurization of both tosyl- and triflate- substituted
isothioureas afforded exotic guanidine containing transannular 10-membered ring while
le electron withdrawing carbodiimides failed to undergo the rearrangement. Mechanistic
investigation with DFT calculations suggested the reaction is zwitterionic [3,3]rearrangement rather than the cationic [3,3]- rearrangement.
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CHAPTER 1 : THE CLAISEN REARRANGEMENT AND AZA-CLAISEN
REARRANGEMENT

1.1: The Claisen Rearrangement

A [3,3]-sigmatropic rearrangement is a concerted pericyclic reaction involving
formation and breakage of the σ-bonds via migration of electrons in the π-orbitals. Due
to its versatility in effectively creating new carbon-carbon and carbon-heteroatom bonds,
sigmatropic rearrangements have been a powerful tool in organic synthesis1. The Claisen
rearrangement is perhaps the most well-developed example of [3,3]-sigmatropic
rearrangement which involves a transformation of an allyl-vinyl ether 1.1 to a
corresponding unsaturated aldehyde 1.2 (Scheme 1.1)2.

Scheme 1.1: Claisen rearrangement
Unlike the all carbon variant, Cope rearrangement, the Claisen rearrangement is strongly
driven by the formation of the carbonyl functionality and makes the reaction almost
irreversible. The versatility of the reaction has led to numerous examples in synthesis, as
well as a number of well-known modifications including the Eschenmoser, Ireland,
Johnson, and many others3-6.
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Mechanistically, the Claisen rearrangement is considered a suprafacial, concerted,
synchronous reaction that has an early transition state7. The highly ordered transition
state geometry of the rearrangement results in stereoselective transformations. Generally,
the chair-like transition state TS 1.3a is considered to be the favored transition state
geometry and the stereocontrol is the result of 1,3-diaxial interactions (TS 1.3b) (Scheme
1.2)8.

Scheme 1.2: E/Z selectivity of the Claisen rearrangement in chair-like transition state
The Claisen rearrangement also showcases an efficient chirality transfer. If the starting
allyl vinyl ether 1.6 contains a chiral center at the C4-position, then the chirality can be
transferred to the C1 and/or the C6 position (on 1.7 in Scheme 1.3)8. This stereoselection
is due to the bulkiest substituent at the chiral center adopting an equatorial position in the
chair-like transition state. Nelson and co-workers demonstrated the high
diastereoselectivity in iridium catalyzed olefin isomerization-Claisen rearrangement
tandem reaction for the construction of the chiral quaternary carbon 1.9 (Scheme 1.3)9.

2

Scheme 1.3: Chirality transfer via a chair-like transition state
Although the majority of the Claisen rearrangement examples favors the chairlike transition state, the boat-like transition state can be the lower energy transition state
geometry if the chair-like transition exhibits more steric hindrance. For example, Ireland
and co-workers prepared optically active unsaturated pyanose 1.10 which then underwent
the Claisen rearrangement to afford the carboxylic acid 1.11 (Scheme 1.4)10. The
stereochemical outcome of the transformation can be rationalized by the boat-like
transition state TS 1.10ab, that minimizes the steric interaction between the bulky OTBS
group and the hydrogen of the dihydro-pyran ring (TS 1.10a).
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Scheme 1.4: Chair vs. Boat-like transition state

1.2: aza-Claisen Rearrangement

Analogous to the Claisen rearrangement, aza-Claisen rearrangement is a transformation
of N-allyl-N-vinylamine to the corresponding imine. The major drawback of the azaClaisen rearrangement, however, has been the extremely harsh reaction conditions due to
the high energy of activation11-12. As shown in Scheme 1.5, the transformation of allyl
arylamine 1.13 resulted in poor yield for the rearrangement product 1.15 because of the
high temperature of the reaction leading undesired side reactions13.

Scheme 1.5: Thermal aza-Claisen Rearrangement of N-allyl-N-arylamine

4

One remedy for such harsh reaction conditions to the aza-Claisen rearrangement is the
incorporation of charged atoms. In 1970, Mariano and co-workers demonstrated the
early example of the charge-accelerated 3-aza-Claisen rearrangement14. In the study,
they reported the facile transformation of the N-vinylammonium salts 1.20 to the
hexahydroisoquinoline 1.21 via cationic 3-aza-Claisen rearrangement (Scheme 1.6a).
The cationic [3,3]-rearrangement was initiated by the addition of the vinyl chloride 1.19
to the tertiary amine 1.18. The ammonium salt 1.20 then underwent the aza-Claisen
rearrangement at room temperature which is significantly lower than the prior examples.
The reasoning behind such rate acceleration is that the charge can be more delocalized
during the six-membered ring transition state than in the starting material15. This
remarkable early example of the low temperature aza-Claisen rearrangement was later
developed into the zwitterionic aza-Claisen rearrangement and applied to the total
synthesis of Deserpidine 1.26 by the same group (Scheme 1.6b)16.

a)

b)
Scheme 1.6: a) Mariano’s first zwitterionic aza-Claisen rearrangement; b) Synthesis of
Desperpidine via the zwitterionic 3-aza-Claisen rearrangement

5

In the key step of the synthesis the nucleophile, quinuclidine 1.22, underwent the azaMichael addition with the ethyl propiolate 1.23 to give the zwitterionic intermediate 1.24,
which then underwent the zwitterionic 3-aza-Claisen rearrangement in 80 oC to give the
hydroquinoline 1.25 moiety of the Deserpidine 1.26 (highlighted in red) in 60% yield.
One of the most common methods to facilitate the charge accelerated aza-Claisen
rearrangement is to utilize the Lewis acids. Nubbemeyer and co-workers have shown
that treatment of the N-allylamine 1.27 with acid fluorides in the presence of AlMe3
promotes the facile 3-aza-Claisen rearrangements under mild reaction condition (Scheme
1.7)17.

Scheme 1.7: Lewis acid promoted zwitterionic ketene-Claisen rearrangement
The basic principle of the transformation is similar to Mariano’s study. In-situ generated
zwitterionic intermediate 1.28, which is formed upon the nucleophilic attack of the amine
1.27 to the ketene-Lewis acid complex, dramatically lowers the high energy requirements
of the 3-aza-Claisen rearrangement as the reaction did not require any heat. Although the
diastereoselectivity is not superb, this is one of the early examples of chirality transfer in
the aza-Claisen rearrangement. This reaction exemplifies the use of a Lewis acid and
highly electrophilic species as a powerful tool to facilitate the charge-accelerated azaClaisen rearrangement. Many examples utilizing an in-situ generated quaternary nitrogen
6

atom, which lead to rate enhancement of the [3,3]-rearrangement, have emerged and
developed after the pioneering work of Mariano and Nubbemeyer12, 18.

Scheme 1.8: Pombo-Villar’s zwitterionic ketene-aza-Claisen rearrangement
Pombo-Villar et al. have reported the facile zwitterionic aza-Claisen
rearrangement upon the treatment of the chiral aza-norborene 1.31 with in-situ generated
dichloroketene 1.3219. The low- temperature rearrangement demonstrated one of the
earliest successful chirality transfer examples for the aza-Claisen rearrangement (Scheme
1.8). The lactam 1.34 was the key intermediate for the synthesis of (-)-δ-Nnormethylskytanthine which possess antibiotic and antitumor activity.

Scheme 1.9: Vedejs’ Lewis acid catalyzed cationic aza-Claisen rearrangement
Vedejs and co-workers have reported that the rearrangement in the presence of a
catalytic amount of Lewis acid rapidly promotes the 3-aza-Claisen rearrangement at a
much lower temperature20. This example shows that the generation of the cationic
intermediate 1.37 dramatically increases the reactivity of the N-allyl-N-vinylamine
7

(Scheme 1.9). They also reported that Bronsted acid promoted [3,3]-sigmatropic
rearrangement using a tosic acid as the proton source. This study had highlighted that a
positively charged complex remarkably accelerates the rate of the rearrangement even
more so compared to the zwitterionic variant.

1.3: Synthesis of Medium Sized-Ring and Ring Expansion Reactions

Medium-sized rings are cyclic structures that consist of 8 – 12 atoms, and are
prevalent in bioactive natural products21-22. Despite this abundance in the biologically
relevant structures, there are only a few medium-sized rings in approved
pharmaceutically active agents due to the difficulty in synthesizing such structures23. The
medium-sized heterocycles are particularly challenging synthetic targets due to the
scarcity of efficient reactions24. For example, intramolecular cyclization is one of the
most common methods to prepare cyclic molecules, especially for the smaller rings with
5- and 6- atoms. However, the cyclization becomes significantly slower for the
formation of larger rings because of the unfavorable entropy of the reaction. The result
of the slower cyclization leads to undesired intermolecular reactions and polymerizations.
Often the macrocyclization is conducted in higher dilution to prevent these
intermolecular reactions, but the use of such high volume of the solvent is not suitable for
the larger scale reactions25. Another challenge associated in forming medium-sized ring
is unfavorable enthalpy due to transannular strain, which arises from the lack of space
within the rings resulting in the hydrogen atoms and the substituents being too close to
8

each other 26. The transannular strain is especially prevalent in functionalized mediumrings.
Ring expansion reactions are common method to obtain medium-sized rings and
macrocycles27. The major benefit of ring expansion reaction is that it achieves the larger
cyclic structure by “growing” the smaller rings that are easy to obtain, thus the undesired
intermolecular reaction can be minimized, if not avoided.
Most ring expansion reactions can be categorized into three different reaction
types: fragmentation, radical ring expansion, and pericyclic reactions24. The
fragmentation often relies on the cleavage of the central bonds on the fused bicyclic
structure. The most common example for this type of reaction is Grob/Wheton-type ring
fragmentation reaction28-30.

Scheme 1.10: Synthesis of jatrophatrione via Grob-type ring fragmentation
Paquette and co-workers demonstrated the construction of the medium-sized ring in the
total synthesis of jatrophatrione 1.41 (Scheme 1.10)31. In their strategy, the
stereochemically enriched tetracyclic 1,3-diol 1.39a was deprotonated by potassium tertbutoxide which initiated the ring fragmentation to afford the 9-membered tricyclic
intermediate 1.40 in excellent yield.
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Another common ring fragmentation strategy is to use the side-chain insertionfragmentation tandem reaction. This type of cascade process is especially useful for the
preparation of macro-heterocycles (larger than 12 atoms) containing nitrogen atoms32.
However, the formation of medium-sized ring heterocycles via the side-chain insertionring expansion is typically challenging because the reversible nature of the reaction.
Usually, more stable, smaller rings are thermodynamically favored over the mediumsized rings, which commonly experience the aforementioned transannular strain. To
remedy the problem, the reaction must exhibit particularly strong thermodynamic driving
force toward the ring expansion product. One example which emphasizes such driving
force is Buchwald’s study shown below in Scheme 1.1133.

Scheme 1.11: Buchwald’s ring expansion of lactam via side-chain insertion
In their report, a wide range of medium-ring β-lactam 1.45 was obtained via the ring
expansion reaction of the 4-membered ring lactam 1.43. The process is facilitated by the
copper catalyzed aromatic substitution reaction with the phenyl halide 1.42. This
example demonstrated the alleviation of the ring strain significantly enhancing the
formation of the thermodynamically disadvantageous medium-sized ring.

10

Scheme 1.12: N-centered radical ring expansion
Radical reactions are another useful tool in constructing medium-size rings due to
the incorporation of a high-energy reactive intermediate and the long transition state
bonds34-35. Compared to both the carbon and the oxygen centered radical, the nitrogen
centered radical ring- expansion is relatively scarce. The example shown in Scheme 1.12
is a pioneering study done by Kim and co-workers demonstrating the ring expansion of a
ketone 1.46 to a corresponding lactam 1.48 utilizing an aminyl radical cyclization36. In
the proposed mechanism, an N- centered radical 1.47a is generated by the reaction of the
tin and the azide 1.46. The radical then attacks the carbonyl to generate the O- centered
radical 1.47b, which then undergoes Dowd-Beckwith type of fragmentation to obtain the
medium-ring lactam 1.48.
The [3,3]-sigmatropic rearrangements are by far the most commonly used
pericyclic process in ring expansion reactions8, 37. The most commonly used
rearrangement for the ring expansion reaction is a variant of the charge-acceleratedClaisen rearrangement. The favorable enthalpy of the reaction as a result of the charge
neutralization promotes the efficient conversion of the smaller rings to the medium-sized
rings. The plethora of successful examples of the ring expansion via the [3,3]rearrangement have been reported and applied in the synthesis of many natural products,
drugs, and other bioactive medium-ring heterocycles8, 24, 37.
11

Scheme 1.13: Edstrom’s ring expansion of vinyl piperidine via keten-Claisen
rearrangement

In 1991, Edstrom demonstrated one of the earliest examples of the ring expanding
aza-Claisen rearrangement using ketene-Claisen-type rearrangement (Scheme 1.13)38.
The vinyl piperidine 1.49 undergoes nucleophilic addition to the dichloroketene-Lewis
acid complex 1.50 , and subsequently undergoes the rearrangement to give the 10membered lactam 1.51 in excellent yield.

Scheme 1.14: Nubbemeyer’s ring expansion of the vinyl pyrrolidine
Nubbemeyer has reported an example of 3-aza-Claisen rearrangement utilized in
the ring expansion for the formation of medium-ring lactam 1.54. The in-situ generated
ketene and Lewis acids reacted with the vinyl pyrrolidine 1.52 to form the pyrrolidinium
adduct 1.53a. The adduct is then deprotonated to form the zwitterionic intermediate
1.53b and undergoes rapid [3,3]-rearrangement to afford the unsaturated medium ring
lactam 1.5439. It should be noted that they were able to convert the 5-membered ring to
the strained 9-membered ring lactam bearing E-stereochemistry under mild conditions
while effectively demonstrating the chirallity transfer.
12

Scheme 1.15: Suh’s synthesis of fluvirucinine A2 and fluvirucin A2
Suh and co-workers took on the early synthetic endeavors utilizing the ring
expanding aza-Claisen rearrangement for the synthesis of fluvirucinine A2 1.61 and
fluvirucin A2 1.62, which potentially possess antipathogenic effect and promising
antiinfluenza activity, respectively (scheme 1.15)40. The piperidine 1.55 underwent base
promoted thermal aza-Claisen rearrangement with excellent stereoselectivity to give the
10-membered lactam 1.57 in good yield. Remarkably, after a couple of steps in the
synthesis, the exocyclic amide 1.59 underwent a second 3-aza-Claisen rearrangement
which further expanded the 10-membered ring to the 14-membered macrocycle 1.60 in
high yield as well as good diastereoselectivity.
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Scheme 1.16: Ring expansion via 3-aza-Cope rearrangement for the synthesis of (-)Deoxyharringtonin

Gin and co-workers utilized the ring expanding 3-aza-Cope reaction as a key step
for the synthesis of (-)-Deoxyharringtonin, an anti-leukemia alkaloid isolated from a plant
of the Cephalotaxus genus (Scheme 1.16)41. The N-vinyl-2-arylaziridine 1.65 was
prepared from the coupling of cyclopentenone 1.63 and the aziridine 1.64. The 3-azaCope rearrangement took place at the elevated temperature to give the short lived
rearrangement product 1.66a, which then rapidly underwent the tautomerization to give
the product 1.66b in 76 % yield.

Scheme 1.17: Nubbemeyer’s first medium-sized ring allenyl lactams
The strained medium-ring heterocycles can be prepared using the pericyclic ring
expansion reactions despite the thermodynamic barrier. The alkynylpiperidine 1.68 was
14

allowed to react with in-situ generated dichloroketene to form the zwitterionic
intermediate 1.69, which then subsequently underwent the [3,3]-rearrangement42.
Nubbemeyer was able to apply the well-established methodology for the zwitterionic 3aza-Claisen rearrangement in the formation of a unique, strained system 1.70 and
achieved a high yield. Remarkably, the allenyl lactams 1.70 were reported to be stable up
to 50 oC, and only the 11-membered ring lactam was treated with isomerization reaction
to afford the medium-sized enyne lactam 1.71.

1.4: 1,3-diaza-Claisen Rearrangement

In 2004, the Madalengoitia group made an interesting discovery of a new facile
method to obtain complex guanidines43. The surprising reactivity was observed when the
thiourea 1.72 was treated with EDCI for desulfurization to obtain the carbodiimide 1.73,
followed by the addition of a primary amine to aim for the linear guanidine 1.74a
(scheme 1.18a). However, the reaction predominantly afforded the cyclic guanidine
1.74b through an intramolecular cyclization despite the amide 1.72 being electrondeficient. This unexpected reactivity of the electron deficient carbodiimide has
developed into formation of the reactive zwitterionic intermediate which can undergo the
zwitterionic1,3-diaza-Claisen rearrangement (Scheme 1.18b).
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a)

b)
Scheme 1.18: a) Unexpected intramolecular cyclization of the electron-deficientcarbodiimide; b) General zwitterionic 1,3-diaza-Claisen rearrangement

The zwitterionic 1,3-diaza-Claisen rearrangement is a variant of the 3-aza-Claisen
rearrangement with two nitrogen atoms involved in the 6-membered ring transition state
TS1.76. The significance of this rearrangement is that it can easily give access to the
functionalized ureas, thioureas, and guanidines depending on the heteroatom (X of 1.76
in scheme 1.18b) outside of the rearranging system44.

Scheme 1.19: Intermolecular 1,3-diaza-Claisen rearrangement that affords guanidine
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An initial study was done on the rearrangement of the aza-norbornene 1.78
(scheme 1.19). In the mechanism, 1.78 reacts with the carbodiimide, which was
generated in-situ by the desulfurization of the thiourea 1.79, resulting in a zwitterionic
intermediate 1.80, that rapidly undergoes the zwitterionic 1,3-diaza-Claisen
rearrangement to give the bicyclic guanidine 1.81. The wide range of R1 and R2 groups
tolerated the rearrangement conditions, and gave moderate to good yields. The later
investigation has revealed that the more electron deficient carbodiimide resulted in faster
rearrangements. This trend can be seen in scheme 1.19, as the N-sulfonyl variant 1.81c
underwent the rearrangement at room temperature while the N-carbonyl variant 1.81a,b
required a much higher temperature45. Also, the dicarboyl example 1.81b gave the lower
yield when compared to the tosyl variants 1.81c. This is because the non-isoelectronic
thioureas seem to provide more efficient and regioselective reaction as the more electron
rich nitrogen atom can engage in the bond forming process during the [3,3]rearrangement while the other does not. As a result, the exocyclic nitrogen always
possesses the electron withdrawing group. Similar trends were also observed outside of
strained bicyclic systems46-47.
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Scheme 1.20: Zwitterionic 1,3-diaza-Claisen rearrangement with tertiary amine bearing
electron deficient alkene

The tertiary amine 1.82 was allowed to react with the isocyanate or the
isothiocyanate to give the zwitterionic intermediate 1.83 which then underwent facile
[3,3]-sigmatropic rearrangement. When the tertiary amine bearing unsaturated ester was
allowed to react with the tosyl isocyanate, the reaction proceeded at room temperature for
the possible diaza-Claisen-oxy-diaza-cope tandem rearrangement (Scheme 1.20). This
result is consistent with the previous findings where the nitrogen bearing the electron
deficient group is exocyclic during the 6-membered ring transition state is the favored
transition state, and results in faster rearrangement.
A major finding from this particular study was the electronic effect on the N-vinyl
group. As shown in scheme 1.20, more electron deficient benzoyl alkene 1.82b was able
to out-produce p-methoxybenzoyl bearing alkene 1.82a. This comparison directly
demonstrated that more electron deficient the alkene resulting in more facile
18

rearrangement. This study also revealed the significant impact on a rate of the
rearrangement via the bulky group on the alkene. For example, the tosyl substituted
alkene 1.82 (not shown) underwent slower rearrangement than the alkene 1.82b because
the sterically hindered substituent leads to slower formation of the zwitterionic
intermediate.
Over the past decade, a wide variety of the 1,3-diaza-Claisen rearrangements have
been studied including 1) palladium catalyzed, 2) intramolecular variant, and 3) cationic
variant45, 48-49. One of the interesting aspects of the rearrangement is that reactivity trends
seems to be dependent on substrate. On top of the aforementioned steric effect, the
cationic 1,3-diaza-Claisen rearrangement requires electron neutral carbodiimide. It is
speculated that the electron deficient carbodiimide has reduced basicity and fails to form
the cationic intermediate.

Scheme 1.21: The cationic 1,3-diaza-Claisen rearrangement facilitated by urea
dehydration

The cationic 1,3-diaza-Claisen rearrangement is expected to deliver more facile
transformation from carbodiimide to the corresponding guanidine. The urea 1.86 is
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dehydrated by the acid-chloride and the trimethylamine to form the carbodiimide 1.87
which then undergoes the intramolecular cyclization followed by rapid protonation of the
zwitterionic intermediate 1.88a to give the cationic intermediate 1.88b which then
inderwent cationic [3,3]-rearrangement to afford cyclic guanidine 1.89. This protonation
serves as the thermodynamic sink in the mechanism to force the equilibrium toward the
cyclic intermediate 1.88, rather than the linear carbodiimide 1.87. The cationic
intermediate then undergoes the [3,3]-rearrangement under thermal conditions. The
rearrangement tolerates a wide variety of substituents affording diverse cyclic guanidines.
The recent discovery by Dr. Jordan Tocher improved the consistency of the reaction by
using a mesitylenesulfonyl chloride as a dehydration agent.

1.5: Guanidine and Synthesis of Guanidine

One major benefit of the 1,3-diaza-Claisen rearrangement is how readily the
reaction gives access to structurally complex guanidines. Guanidine is a functional group
containing a central sp2 hybridized carbon bonded to three nitrogen atoms with rapid
delocalization. It is a strong base due to its ability to stabilize the positive charge upon
the protonation. In fact, the free guanidine in neutral water exits solely as a guanidium
salt (Figure 1.1a).
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Figure 1.1: Guanidine and guanidine containing amino acids and nucleic Acid

Guanidine is one of the most essential structures in biological systems as it is a
part of amino acids, arginine, and the nucleic acid, guanine. Due to the aforementioned
high basicity and the ability to engage in strong hydrogen bonding, guanidine plays
numerous roles in biological systems. For example, arginine often forms a salt bridge
with glutamate which contributes to the structural stability of folded proteins (figure
1.1b)50. Acting as a good H-bond donor, guanine strongly binds to cytosine within the
DNA helix (figure 1.1c)51. Because of their high abundance in the biologically relevant
systems as well as their physiological effects, guanidine containing natural products have
been popular synthetic targets52.

21

Scheme 1.22: 14-step total synthesis of (+)-Saxitoxin 1.100 by Dubois et al.
Commonly found in certain species of marine dinoflagellates and freshwater
cyanobacteria, (+)-saxitoxin (STX) 1.100 is one of the most potent natural neurotoxins
which acts as a sodium channel blocker to inhibit neutron transmissions53. Dubois and
co-worker reported the first asymmetric synthesis of the complex guanidium-salt
encompassing the elegant 9-membered-ring guanidine 1.96 formation via intramolecular
cyclization as one of the key steps (Scheme 1.22)54. Their study demonstrated both the
first and the second generation synthesis of (+)-saxitoxin 1.100 with 19-steps with 1.3 %
overall yield and 14-steps with 1.8 % yield, respectively. The 14-linear step synthesis
sequence is depicted in scheme 1.22 starting from the commercially available N-Boc
serine methyl ester 1.90. The installment of the isothiourea functionality was done using
organometallic alkyne addition to the nitrone 1.91. The first guanidine was then added
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using a separately prepared isothiourea (not shown) to afford 1.94. The key ring closing
reaction was then employed utilizing in-situ generated carbodiimide 1.95 and the primary
amine to afford the guanidine containing medium-sized ring 1.96. The ring then
underwent intramolecular dehydration upon the oxidation of the alkene on 1.97 to give
the tricyclo- STX core 1.99.

Figure 1.2: Polycyclic guanidine containing natural product

Batzelladine is a family of guanidine containing alkaloids found in marine
sponges, and commonly distinguished by characteristic fused tricyclic core enriched with
stereocenters (Figure 1.2). These polycyclic guanidines show a wide range of bioactivity
including cytotoxicity, antifungal, antimicrobial, and antiviral activity55. Batzeladdine A
exhibits anti-HIV activities by inhibiting the protein-protein interaction between HIV
gp120 to human CD456. Batzelladine F has potential immunosuppressive activity by
inducing dissociation of the tyrosine kinase p56lck from the CD4. Ptilomycalin A is
reported to possess a stronger anti-HIV activity than aforementioned Batzelladine A57.
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Crambescidine 816 is a calcium channel inhibitor, and could be used in cancer treatment
or in related research58. Due to the significant biological relevance, as well as the
synthetically challenging structure of the fused polycyclic guanidine core, Batzelladine
continues to be a popular target for synthetic organic chemists59-61.

a)

b)
Scheme 1.23: a) Snider’s first synthesis of batzelladine E; b)Gin’s synthesis of
batzelladine D with [4+2]-cycloaddition as a key steps

The first synthesis of Batzelladine family was reported by Snider and Chen in which they
were able access Batzelladine E utilizing the condensation of the isourea derivatives with
the multifunctional bis(enones) 1.102 (scheme 1.23a)62. Among the multiple syntheses of
the polycyclic guanidine, Gin ad co-workers reported the remarkable hetero-[4+2]24

cycloaddition for the construction of the guanidine scaffold 1.108 while obtaining the
necessary stereochemistry (Scheme 1.23b)63. The cycloaddition was enabled by the
electro deficient carbodiimide 1.105 as the diene and electron-rich pyrroline 1.106 as the
dienophile. Their methodology also allowed them to access Batzelladine A in few
modifications.

Figure 1.3: Synthetic Guanidines in Medicine and Drug

Outside of the naturally occurring structures, a number of synthetic guanidine are
reported to exhibits a wide range of promising bioactivities. One of the known guanidine
containing drugs is clonidine, also known as Catapres as the brand name, which is used to
treat high blood pressure, ADHD, drug withdrawal, and few other pain conditions64.
Guanethidine is an azocane containing linear guanidine, commonly used as
antihypertensive agent65. More recently, Botta and co-worker have synthesized the
macrocyclic guanidine 1.108 which showed promising anti-fungal activity that is superior
to the currently available anti-fungi drugs66.
Many guandines have shown high dose of usage in biological and medicinal field,
and the methods to prepare the structurally complicated guanidines should always be
valued. The 1,3-diaza-Claisen rearrangement is a relatively new methodology being
developed on well-established foundation of the charge-accelerated aza-Claisen
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rearrangement. Thus, the further development of the promising 1,3-diaza-Claisen
rearrangement will grant synthetic chemists new tools to access diverse, structurally
complex guanidines. The work presented in this dissertation will focus on the ring
expansion of vinyl-N-heterocycles to afford guanidine containing medium-ring
heterocycles using 1,3-diaza-Claisen rearrangements.

26

CHAPTER 2 : RING EXPANSION OF VINYL PYRROLIDINE VIA THE
ZWITTERIONIC 1,3-DIAZA-CLAISEN REARRANGEMENT

2.1: Intramolecular Rearrangement of Strained Heterocycles

The intramolecular 1,3-diaza-Claisen rearrangement of bridged-bicyclic systems
affords fused tricyclic guanidines which are complex and often challenging moieties to
synthesize52, 60, 63. The reaction design consists of a bridged bicyclic amine tethered to an
electron-deficient heterocumulene 2.5 in which am addition of the amine to the
heterocumulene forms a spirocyclic zwitterionic intermediate 2.6, which then undergoes
the rearrangement to afford the complex tricyclic guanidine. A potential challenge that
was anticipated for the intramolecular rearrangement is that due to the geometric
restriction of the zwitterionic intermediate 2.6, the rearrangement involves a bond
formation on the nitrogen with the electron withdrawing group (TS2.6 in scheme 2.1)67.
This was thought to be a potential problem because the examples of the intermolecular
rearrangement study exclusively resulted in the formation of guanidine with the exocyclic
imine nitrogen bearing the electron withdrawing group, as previously mentioned in
section 1.4. This is due to the C-N bond formation with the electron-rich nitrogen is
much faster, and providing the lower energy of activation than the bond formation with
the N-sulfonyl nitrogen atom (depicted in TS2.3a and TS2.3b in scheme 2.1).
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Scheme 2.1: Intermolecular vs. intramolecular rearrangement
The high regioselectivity also arises from the free rotation of the C-N bonds (in 2.3)
allowing the zwitterionic intermediate to achieve the lower energy reaction pathway.
However, the intramolecular variant is more geometrically constrained, thus the electron
withdrawing group will inevitably end up on the rearranging amine nitrogen (TS2.6 in
Scheme 2.1)67.
Initially, the synthesis of the electron-deficient thiourea tethered to the N- heterobicycle was devised in an attempt to get access to the desired carbodiimide (Scheme 2.2).
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Scheme 2.2: Failed attempt for the synthesis of thiourea
The aza-norborene 2.8 was allowed to react to the acrylonitrile to form the nitrile tether
2.9 in 72 % yield. The primary amine 2.10 was prepared by the reduction of the nitrile
2.9 with LAH in moderate yield. However, the addition of the resultant primary amine
with isothiocyanate met with difficulty. As shown in the scheme 2.2, no thiourea 2.12
was isolated. Instead, the isothiocyanates unexpectedly reacted with the tertiary amine
and formed products 2.11a and 2.11b resulting from reaction of both amines with the
isothiocyanates. Eventually, using excess primary amine 2.10 and very slow addition of
the isothiocyanates via a syringe pump at low temperature led to the formation of desired
thiourea 2.12 in 52 % yield. The thiourea 2.12 was then subjected to the desulfurization
conditions, but it failed to undergo the rearrangement. More reactive N-sulfonyl bearing
isothiocyanates were considered to facilitate the rearrangement, but the synthesis of the
corresponding thiourea 2.13 encountered the aforementioned issue with the addition
reaction between the isothiocyanates and the amine 2.10 even with the slow syringe
pump addition (Scheme 2.2). Given an initial failure, the alternative pathway for the
generation of carbodiimides was investigated67-68.
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A former Madalengoitia group member, Dr. Joel Walker, has investigated the
generation of highly electrophilic carbodiimides bearing N-sulfonyl groups. One of the
effective ways to prepare such heterocumulenes is a desulfurization of the isothioureas
2.449.

Scheme 2.3: Generation of electron deficient carbodiimide from isothiourea
The isothiourea 2.12 can be desulfurized with thiophilic metals in the presence of base to
form the corresponding carbodiimide 2.15 (Scheme 2.3). Also, an isothiourea can be
easily made from the reaction between a primary amine and an aryl sulfonyl S,S-dimethyl
carbodithioimidates (carbodithioimidate) which is much less reactive than the
isothiocyanates which resulted in undesired addition reactions. Indeed, the reaction
between the primary amine 2.10 and the carbodithioimidates occurred successfully, and
afforded the various isothioureas (scheme 2.4).

Scheme 2.4: Formation of Aza-Norborene tether isothioureas
The intramolecular rearrangement of the isothioureas 2.16 gave successful initial
results despite the aforementioned potential disadvantage in the electronics. All
rearrangements with –NPbf 2.18a – c, and –NTs 2.18d groups performed well while the
–NTf 2.18e and –NBz 2.18f groups resulted in decomposition (scheme 2,5). These
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results suggested the electronics of the imine need to be strongly electron withdrawing,
but not to the extent of the -NTf group.

Scheme 2.5: Intramolecular rearrangement affording tricyclic guanidines
The efficiency of these transformations can be rationalized by the release of the
ring strain in the zwitterionic intermediates. It is worth noting that the rearrangement
with the less strained quinuclidine tethered isothiourea 2.16c (not shown) also afforded
the corresponding guanidine 2.8c in moderate yield, while the intermolecular variant for
the same rearrangement struggled to take place unless a more electron-poor carbodiimide
was used. The likely reason for the difference in the reactivity is that having a strained
spirocyclic intermediate can provide the favorable energy for the rearrangement68.
The majority of the previous successful 1,3-diaza-Claisen rearrangement
examples are conducted with the bridged bicyclic system. As for the zwitterionic
intramolecular variant, only the aza-norborene and the quinuclidine tether have been
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studied. The goal of my research is to further investigate and expand the scope of the
1,3-diaza-Claisen rearrangement used in the ring expansion reactions with non-bridged
bicycles.
2.2: Ring Expansion of Strained Vinyl Azetidine

The strained ring systems are popular target for ring expansion reactions due to
the driving force from the alleviation of the ring strain upon the rearrangement. A
number of ring expansion reactions of the strained-ring systems have been reported. The
[3,3]-sigmatropic rearrangement is one of the most popular means for the ring expansion
reactions as described in the previous section. This section focuses on Saito‘s recent
example on expanding the four-membered N-heterocycles using [3,3]-rearrangement.
In 2009, Saito and co-workers demonstrated the zwitterionic 1,3-diaza-Claisen
rearrangement in the ring expansion reaction of the vinyl azetidines that afforded
substituted ureas69 (scheme 2.6). The azetidine 2.19 first undergoes the addition wtih the
tosylisocyanate and results in the zwitterionic intermediate 2.20. The subsequent [3,3]sigmatropic rearrangement gave the eight-membered ring urea 2.21 at ambient
temperature without any catalyst.

Scheme 2.6: Saito’s ring expansion of the vinyl azetidine
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Similar to our previous results, Saito’s example also requires the use of electron deficient
heterocumulenes. Both phenyl and acyl substituted isocyanates have failed to give any
product while the benzyl substituted system required elevated temperature. During the
study, they isolated two minor products (Scheme 2.7).

Scheme 2.7: Identification of the minor products
The presence of these minor products are consistent throughout different examples.
From these results, Saito has proposed the alternative reaction mechanism that involves
an intramolecular SN2’ reaction (scheme 2.8a).

a)

b)
Scheme 2.8: a) Proposed alternative SN2’ mechanisms; b) SN1 mechanism for the
formation of the six-membered minor product
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The zwitterionic intermediate 2.20a undergoes an intramolecular SN2’ to facilitate the
[6+2] cycloaddition reaction to form the urea 2.21’. The formation of the minor isourea
2.24 also follows the same reaction mechanism, and the lower yield is due to the oxygen
being less nucleophilic than the nitrogen. For the six-membered ring urea 2.25, it is
believed to be formed by an intramolecular SN1 reaction. The quaternary ammonium is a
good leaving group, thus the azetidine ring is opened and the allylic carbocation is
formed. The negatively charged nitrogen atom then attacks the carbocation to form the
smaller ring 2.25 (Scheme 2.8b). Although they reported the findings as [6+2]cycloaddition reactions and redacted the previous title of the 1,3-diaza-Claisen
rearrangement from their study, there is no further evidence to support that the reaction
did not undergo the sigmatropic rearrangement.
In 2014, the same group further developed the ring expansion reaction of the vinyl
azetidine 2.26, using the acid-mediated intramolecular 3-aza-Claisen rearrangement
(Scheme 2.9). Variety of N-aryl vinyl azetidine 2.26 underwent sigmatropic
rearrangement to afford the 8-membered ring 2.29 in the presence of sulfuric acid at low
temperature70.

Scheme 2.9: Saito’s cationic 3-aza-Claisen rearrangement
Intriguingly, the benzazocine 2.29 underwent a ring contraction reaction to form 2.30
during the column chromatography and made the isolation of the rearrangement product
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2.29 difficult (scheme 2.10a). Thus, the crude benzazocine 2.29 was treated with acetyl
chloride to afford 2.30 and prevent the further reaction (scheme 2.10b).

a)

b)
Scheme 2.10: a) Ring contraction of the benzazocine; b) Full reaction scheme and scope
of the acid medicated 3-aza-Claisen rearrangement

All rearrangements resulted in high yield independent of the electronics of the aromatic
rings. It is interesting that the more electron deficient ring such as 2.30e, gave slightly
lower yield than the more electron rich system such as 2.30b. This methodology
demonstrates that the ring expansion reaction of the vinyl azetidine can be effectively
conducted using sigmatropic rearrangement.
Saito has shown the successful example of the ring expansion of the vinyl
azetidine via the [3,3]-sigmatropic rearrangement. The high yields, especially for the
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acid-mediated 3-aza-Claisen rearrangement, can be rationalized by the strain release of
the four-membered ring. The focus of my research is to use the 1,3-diaza-Claisen
rearrangement to expand the less strained systems to obtain medium-size N-heterocycles.
In this chapter, the ring expansion of the vinyl pyrrolidine is described (Scheme 2.11).

Scheme 2.11: Ring expansion of the vinyl pyrrolidine via the zwitterionic 1,3-diazaClaisen rearrangement
In the proposed reaction scheme, the vinyl pyrrolidine tethered carbodiimide 2.31
forms the spirocyclic zwitterionic intermediate 2.32, which can then undergo the [3,3]sigmatropic rearrangement to form the fused-medium-sized guanidine bicycles 2.33.
Unlike Saito’s work, our example demonstrates the ring expansion of less strained system
which can afford the fused guanidine containing nine-membered ring bicycles. Herein,
the rearrangement of the different lengths of carbon tether as well as the differing
electronics of the carbodiimides are investigated and discussed.

2.3: Synthesis of Vinyl Pyrrolidine Tethered Electron Poor Isothiourea

Previous studies conducted in Madalengoitia group determined that the
isothiourea desulfurization is an effective means of accessing the carbodiimide (Scheme
2.3), especially the N-sulfonyl group appears as an ideal candidate for the efficient
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rearrangement. Thus, the synthesis of the vinyl pyrrolidine tethered N-tosyl isothourea
from commercially available 1,3-dibromopropane was initially devised (Scheme 2.12).

Scheme 2.12: Initial synthetic strategy for the isothiourea 2.34*
The initial strategy involved the synthesis of the azide tethered pyrrolidine 2.35
since the azide can be treated as a masked amine as well as potential to be utilized in the
aza-Wittig reaction to directly form the carbodiimide. To prepare the azide tether 2.35,
the intermolecular cyclization reaction between known alkene 2.36 and the amine 2.37
was considered.

Scheme 2.13: First synthesis of the isothiourea 2.34b
The hexene 2.36 was prepared in 65 % from an SN2 reaction between the allyl
chloride and the dibromopropane 2.38 in the presence of LDA following the literature
procedure71. The azidopropylamine 2.41 was also made from dibromopropane 2.38 via
an SN2 reaction with the sodium azide followed by biphasic Staudinger reduction with
triphenylphosphine and HCl in EtOAc and Et2O72. The step sequence resulted in 71 %
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yield. The azide-vinyl pyrrolidine tether 2.35 was then synthesized with the sodium
carbonate and a catalytic amount of the sodium iodide in ACN in 88 % yield. The azide
2.35, was then subjected to the typical Staudinger reduction conditions. However, the
primary amine 2.42b was obtained in low yield initially (not shown). At this point, we
believed that the high water solubility and the volatility of the primary amine 2.42b as
well as an abundance of the triphenylphosphine oxide were negatively impacting the
result. Hence, the work up procedure for the same reduction was modified in which
excess triphenylphosphine oxide was precipitated out in aqueous acidic environment, and
the primary amine 2.42b was continuously extracted for 16 hours from the strongly basic
environment to give pure desired amine in 89 % yield. The primary amine was then
allowed to react with the tosyl-carbodithioimidate 2.43 to give the isothiourea 2.34b in
93 % yield.

Scheme 2.14: Generation of two-carbon tether isothiourea 2.34a
On contrary to the relative success of preparing the three-carbon tether isothiourea
2.34b, the initial synthesis of the two-carbon tether isothourea 2.34a gave disappointing
results. This is due the two carbon variant of the azide tether being inaccessible. Hence,
the synthesis was modified to incorporate the reduction of the amide to access the
primary amine. The synthesis began with an SN2 reaction between the glycine methyl
ester 2.44 and the aforementioned hexene 2.36 which gave the methyl ester tether-vinyl
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pyrrolidine 2.45 in 78 % yield. Typical ammonolysis conditions were used to convert the
ester 2.45 to the corresponding amide 2.46a in quantitative yield. Amide 2.46a was then
reduced to the primary amine using LAH, and subsequently added to 2.43 to give the
two-carbon tether isothiourea 2.34a in 33 % yield. The majority of the loss in yield
resulted from the sluggish LAH reduction of the amide 2.46a. The other reducing agents
and various conditions were investigated, but none of them gave higher yield.
Although, the synthesis of isothioureas from the hexene 2.36 has given relative
early success, there were multiple issues. First, the scale of synthesis is restricted as the
diazido propane 2.40 which is a potentially explosive substance. Second, the synthesis of
the hexene 2.36 is not a high yielding process. Third, the two-carbon tether isothiourea
2.34a preparation is too poor yielding to be a plausible starting material synthesis. The
reasons above prompted us to develop more consistent synthetic route for the
isothioureas.
Joel Walker have previously developed on the intramolecular 1,3-diaza-Claisen
rearrangement. Within the same study, he utilized Ing-Manske’s procedure which
converts the N-phthalmide 2.48 to the primary amine 2.49 (Scheme 2.15a)73.
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a)

b)
Scheme 2.15: a) Joel Walker’s primary amine preparation using Ing-Manke’s procedure;
b) General strategy for the isothiourea X preparation from N-Boc vinyl pyrrolidine

Use of phthalmide also gives a unity in the synthetic pathways for accessing the
different length of carbon tethers since 1-bromo -ethyl, -propyl, and -butyl phtalmides
2.50 are commercially available. And the simple substitution with the amines can give
the ‘masked’ primary amines. In order to apply the phthalmide deprotection strategy, the
use the N-Boc vinyl pyrrolidine 2.55S seemed ideal (scheme 2.15b).

Scheme 2.16: Formal synthesis of the N-Boc vinyl pyrrolidine 2.55S
The N-Boc pyrrolidine 2.55S is a known compound, and it can be prepared with
high yielding liner sequences from L-proline (scheme 2.16)74-75. L-proline 2.51S was
first treated with the acid chloride in methanol to convert to the L-proline methyl ester
salt, which was treated with Boc anhydride to afford N-Boc proline methyl ester 2.52S in
92 % yield over the two steps. The ester 2.52S was then reduced to the primary alcohol
2.53S via LAH in an excellent yield, and oxidized with the Swern oxidation conditions to
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give the aldehyde 2.54S in near quantitative yield. The aldehyde 2.54S was finally
converted to the vinyl pyrrolidine 2.55S via the Wittig reaction in 87 % yield. Although
it is a somewhat lengthy synthesis, all reactions in the synthesis are easily scalable and
give high yields consistently. With securing the access to the large quantity of 2.55S,
synthesis of the isothiourea was conducted.

Scheme 2.17: Preparation of the isothioureas from N-Boc vinyl pyrrolidine 2.55S
Addition of the different lengths of phthalmide tethers 2.50a-c to the vinyl
pyrrolidine 2.55S were met with success giving around 90 % yields except for the two
carbon tether 2.56Sb which only gave about 60 % yield. Despite the low yield, the Bocdeprotection via the TFA and the SN2 reactions in acetonitrile were able to produce the
desired phthalmide tethers 2.56a-c (Scheme 2.17). Phthalmide groups were then
removed under the standard Ing-Manske conditions utilizing hydrazine hydrate. The
obtained crude primary amines (not shown) were clean enough to be used for the addition
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reaction with the corresponding carbodithioimidates 2.57 and 2.58 without any
purification. Initially, the final instalment of the isothiourea functionality utilized the
aforementioned tosyl carbodithioimidate 2.43. However, Joel Walker discovered that
longer amine tethers struggled to undergo the addition reactions, unless the
electrophilicity was increased via chlorination (Scheme 2.18). As expected, the
chlorination with sulfuryl chloride only worked on the tosyl substituted
carbodithioimidate 2.43, as the Boc variant 2.57 failed to tolerate the reaction conditions.

Scheme 2.18: The chlorination of the carbodithioimidates 2.43

Preparation of the Ts- isothioureas 2.34Sa-c with chlorinated Tscarbodithioimidate 2.57 gave good yields across different tether lengths (Scheme 2.17).
It is worth mentioning that the reaction was able to take place at ambient temperature as
opposed to the reaction with dimethyl carbondithioimidate 2.43 which required
DCM/MeOH reflux (Scheme 2.14). The Boc variant initially failed to give a high yield
as the corresponding carbodithioimidate 2.58 is not as electrophilic as 2.57. By using
DCE as the co-solvent, it allowed the reaction to reach higher temperature and facilitated
the addition reaction to provide the desired Boc isothioureas 2.59Sa-c in higher yield in
52 – 83 % yields. With all the isothioureas being prepared, the ring expanding
rearrangements were investigated.
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2.4: Rearrangement of Tosyl Isothiourea Tether and Effect of Silver

Our initial rearrangement investigation was with the three-carbon tether Tsisothiourea 2.34b. Originally in our group, the rearrangements were facilitated by the
desulfurization reaction using a weak base and HgCl2 as the thiophilic metal. Thus, we
conducted the desulfurization of 2.34b with the HgCl2 and Et3N. We were pleased to
observe the rearrangement taking place without any catalyst and added heat (scheme
2.19)

Scheme 2.19: The desulfurization with HgCl2 resulting in [3,3]-rearrangement and
deallylation

The stereochemistry of the alkene 2.60b was confirmed via various 2D NMR
experiments and the NOE experiment. Unexpectedly, the product also contained 18 % of
the chloride adduct 2.61. The possible mechanism for the formation of the chlorine
adduct is shown in scheme 2.20

Scheme 2.20: Proposed mechanism for the chloride addition via Von-Braun-like
deallylation
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Upon the desulfurization, the carbodiimide 2.62b undergoes the cyclization to form the
zwitterionic intermediate 2.63b. Before the intermediate 2.63b is allowed to rearrange,
the chloride attacks the electrophilic carbon via Von-Braun like deallylation
mechanism76. The presence of the chloride adduct 2.61 suggested that the need for a less
nucleophilic desulfurization agent. AgOTf appeared an ideal choice for the reaction. Not
only is triflate far less nucleophilic than the chloride, the silver is a greener option
compared to the mercury.
Table 2.1: Desulfurization-rearrangement of isothiourea 2.34b with the AgOTf

Entry

AgOTf (eq.)

base

Yield (%)

1

1

NEt3

63

2

2.5

NEt3

90

3

2.5

DBU

89

The rearrangement with the AgOTf gave no deallylated product as we expected, but the
yield remained low. Interestingly, the amount of the AgOTf affected the outcome of the
rearrangement significantly. Crude LCMS suggested the possible existence of the minor
isomers 2.64 and 2.65 shown in the table 2.1 when one equivalent of the silver was used
(entry 1). However, when the excess AgOTf was used, only the major isomer 2.60b was
isolated with near quantitative yield (entry 2). It is worth mentioning that the different
amine base, such as DBU, did not affect the outcome of the rearrangement (entry 3).
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Numerous attempts were made to isolate the possible minor isomers; however, any
chromatographic technique failed to isolate the suggested minor isomers 2.64 and 65.
Instead, we have isolated the urea, and the bis-tosylated products which will be discussed
in the later section.

Figure 2.1: Proposed transition states of the three-carbon tether rearrangement

Given the result, we have investigated the transition states responsible for the
formation of each isomer (figure 2.1). The major isomer goes through a boat-like
transition state TS2.60b and it seems the most favorable transition state. The TS2.64 has
a chair-like transition state, but it is speculated to have increased strain on the fivemembered ring. The TS2.65 actually seemed plausible to us due to the favorable
stereoelectronic where the bond formation taking place on the exocyclic nitrogen.
However, we believe that the product will be too strained with a trans-nine-membered
ring with three of the atoms being in the guanidine moiety.
From the investigation of the three-carbon tether system, we determined that
using 2.5 equivalent of the AgOTf gives the optimal result for the formation of the cis45

alkene. Hence, the same rearrangement conditions for the three carbon tether was
applied to the rearrangement of the four carbon tether system. Interestingly,
desulfurization of the four-carbon tether Ts isothiourea 2.34Sc resulted in no [3,3]sigmatropic rearrangement. Instead, only the bis-tosylated guanidine 2.66 was obtained
(scheme 2.22).

Scheme 2.21: Unexpected disproportionation of the isothiourea 2.34c

This result was surprising with no trace amount of the expected rearrangement
product 2.60c being observed. Instead, the reaction has predominantly resulted in the bistosylated product 2.66 in much shorter amount of the time than the rearrangement
conditions and ambient temperature or even a colder temperature. The similar bis-tosyl
product was also observed in the three carbon tether system in a trace amount as
described earlier. Although the mechanism is still under the investigation, we believed
that the product 2.66 is formed through a disproportionation reaction based on the
literature published by a German group (scheme 2.22)77.

Scheme 2.22: Egg’s proposed mechanism of the disproportionation
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In Egg’s study, the urea 2.67 was subjected to the dehydration reaction with tosyl
chloride and pyridine. Upon the formation of the carbodiimide, another equivalent of the
starting urea 2.67’ adds to the carbodiimide 2.68 to form the dimer like intermediate 2.69.
This intermediate can then undergo an elimination reaction to form the guanidine 2.70 as
well as the isocyanate 2.71.
The similar mechanism is expected for the formation of the bis-tosyl guanidine 2.66
in our research. We have the similar system that the desulfurization of the isothiourea
2.34Sc would provide the carbodiimide 2.62Sc. Another equilvalent of isothourea
2.34Sc can undergo the similar addition process in the presence of the carbodiimide
2.62Sc. Upon the formation of the dimer-like intermediate 2.72’, it rapidly undergoes the
7-endo-trig cyclization and forms the predicted byproduct 2.73 as well as the bis-tosyl
guandine 2.66. We believe that the having a good leaving group such as the bis-tosyl
guanidine extremely speeds up the ring closing step which is also the rate limiting step in
the mechanism.
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Scheme 2.23: Proposed mechanism for the disproportionation of the isothiourea 2.34Sc

The same reaction outcome was also observed by the former Madalengoitia group
member, Dr. Matt Luedtke (scheme 2.24a). During the rearrangement attempt of the
three-carbon tether isothiourea 2.74, the reaction predominantly resulted in the
disproportionation product 2.75. This phenomenon seems to be more prevalent for the
elongated carbon tethered system. In fact, none of the two carbon tether isothiourea
desulfurization reaction have resulted in the disproportionation reaction. The difference
in the reactivity can be explained with Baldwin’s rule. The longer carbon chain system
can undergo 6-endo-trig or 7-endo-trig cyclization which are more favorable than 5endo-trig. As a proof of concept, Luedtke substituted the tertiary amine 2.77 with a
bulky cyclohexyl group. The added bulk indeed prevented the formation of the bis-tosyl
product 2.79, instead formed urea 2.78 probably because it significantly slowed down
the intramolecular cyclization (Scheme 2.24b)47.
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a)

b)
Scheme 2.24: a) Matt’s example of the disproportionation of three-carbon tether diallyl
isothiourea: b) Evidence toward the intramolecular cyclization as a key step in the
disproportionation

Because the vinyl pyrrolidine system is not as easily modifiable as the diallyl amine
tether, a different approach was taken to potentially prevent the disproportionation.
Initial attempts involved in conducting the reaction in high dilution and using the syringe
pump addition of the isothiourea 2.34Sc to prevent the intermolecular reaction between
the carbodiimide 2.62Sc and the isothiourea 2.34Sc. However, both attempts still
resulted in the disproportionation, and no rearrangement product was observed.
Another possible method to prevent the disproportionation is to fully deprotonate the
isothiourea 2.62Sc before adding AgOTf to the reaction mixture. For that, n-butyl
lithium appeared to be a good base for the deprotonation. Unfortunately, the reaction
with such strong base resulted in a decomposition. Surprisingly, when the deprotonation
was conducted with a weaker base, Et3N or Huënig’s base, in toluene at reflux followed
by the addition of AgOTf to the boiling solution (refer as stepwise desulfurization),
production of the disproportionation product 2.66 was significantly reduced. This result
can be seen in figure 2.2a showing the predominant peak at 519 m/z, which corresponds
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to the bis-tosyl spiecie 2.66, while the same peak diminishes for the stepwise
desulfurization in figure 2.2b. Instead, the latter spectrum contains a significant peak at
348 m/z which corresponds to protonated molecular weight of the bicyclic guanidine
2.60c, the zwitterionic intermediate, or the carbodiimide 2.62Sc.

Figure 2.2: a) Crude MS of the disproportionation with standard rearrangement
condition: b) Step-wise desulfurization with the weak base at the elevated temperature
followed by the addition of AgOTf

Unfortunately, no rearrangement product was isolated from this trial. We suspect that the
MS signal corresponding to the product may be the zwitterionic intermediate or the
carbodiimide which most likely decomposed in the silica gel chromatography. However,
the stepwise desulfurization may be a good method to prevent the disproportionation.
These elongated carbon tether systems are currently under investigation by another group
member.
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After the unproductive results from the numerous attempts to force the 1,3-diazaClaisen rearrangements for the four-carbon tether, we have shifted our focus to
investigating the two carbon-tether isothiourea 2.34Sa desulfurization (scheme 2.25).

Scheme 2.25: Initial rearrangement attempts of the isothiourea 2.34Sa
We were able to isolate the expected bicyclic guanidine 2.60a using the standard
desulfurization conditions. However, despite the amount of AgOTf being used, the
yields remained low inconsistently ranging between 16 – 41 % yield. Around the same
time, we have discovered that the zwitterionic intermediates can tolerate a work up
condition with aqueous sodium bicarbonate. This finding allowed us to remove excess
triethylammonium salts, as well as AgOTf, and conduct the desulfurization and the
rearrangement into two separate steps rather than a one-pot reaction.
Table 2.2: Two-pots desulfurization-rearrangement sequence trials

Temp (oC)

Time

DCM

Rt

Ph

80

AgOTf

MePh

4

AgOTf

5
6

Entry

Desulfurization

Solvent

Yield 2.60a

Yield 2.80

1

AgOTf (2.5 eq)

2

AgOTf

48 h

40 %

-

24h

22 - 43 %

-

3

110

24 h

10 %

40 %

Ph

50

48 h

50 %

-

AgOTf

1,4-dioxane

50

24 h

HgCl2

Ph

80

24 h

51

Decomposition
trace

54 %

With the new stepwise desulfurization-rearrangement experimental procedures in
hand we attempted the optimization of the rearrangement conditions. The desulfurization
took place at the room temperature while the rearrangement was expected to be thermally
demanding. Thus, the reaction was subjected to benzene at reflux to improve the
efficiency of the rearrangement, but it resulted in the inconsistent results yet again (entry
2). The use of higher boiling solvent, such as toluene, lead to the reduced amount of
rearrangement product 2.60a. Instead it resulted in the formation of the 7-membered ring
guanidine 2.80 which will be discussed in the late paragraph (entry 3). From the results
shown in entry 2 and 3, it was deemed that higher temperature could potentially be
disadvantageous to the desired [3,3]-sigmatropic rearrangement. In fact, when the
temperature was decreased to 50 oC, the yield improved to 50 %; however, the results
remained inconsistent (entry 4). Switching to more polar solvent to make the zwitterionic
intermediate more soluble only resulted in decomposed material (entry 5). At this point,
we suspected that the small amount of the silver that was left from the aqueous work up
after the desulfurization was somehow affecting the rearrangement. Also, because of the
aqueous work up, it is impossible for us to know how much silver is present for the
rearrangement. In order to remedy the inconsistency of the reaction and show the
evidence of silver playing a role during the rearrangement, the desulfurization was
conducted using HgCl2 to achieve a totally silver free environment for the rearrangement
(entry 6). Initially, the TLC monitoring of the rearrangement suggested no progress in
the reaction at 50 oC, thus the reaction was brought to reflux. Surprisingly, the reaction
almost exclusively formed the seven-membered ring product 2.80 which we believe to be
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formed via the ionic reaction pathway which will be discussed later. Entry 6 provided the
strong evidence that the silver significantly affects the rearrangement.
In order to investigate the effect of the silver, a completely silver fully
environment for the rearrangement needed to be achieved. Although HgCl2 can provide
the silver free environment, we speculated that the trace amount of chloride from HgCl2
may affect the results via the deallylation. Around the same time, Matt Luedtke, found
out that the zwitterionic intermediate for his substrate can tolerate the silica gel and can
be purified via flash chromatography. This was an astonishing discovery since the
zwitterionic intermediates were expected to be reactive and not isolable. Having the
access to pure zwitterionic intermediate 2.63a truly helps to investigate the 1,3-diazaClaisen rearrangement as an entirely separate step.
Table 2.3: Investigation of the various additives for the rearrangement

Entry

Additive

Temp (Co)

Time

Yield 2.60a

1

None

80

48 h

-

67 %

2

AgOTf (1.0 eq)

50

24 h

92 %

-

3

AgOTf (0.5 eq)

50

24 h

64 %

15 %

4

AgOTf (0.1 eq)

50

24 h

> 10 %*

-

5

AgNTf2 (1.0 eq)

50

24 h

90 %

-

6

HNEt3OTf (1.0 eq)

50

48 h

67 %

-

7

TFA (1.0 eq)

50

24 h

50%*

50%*
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Yield 2.80

The rearrangement without any additive at benzene reflux resulted in in the
formation of the seven-membered ring product 2.80 which is as expected from the
previous result and is most likely formed via a stepwise ionic mechanism (entry 1). It
was intriguing to find out that when a stoichiometric amount of the silver trilfate was
used as the additive, the reaction exclusively afforded the [3,3]-product in near
quantitative yield (entry 2). The results from entry 3 and 4 suggested that the silver
triflate is not a catalyst since the yield of the [3,3]- product 2.60a decreased based on the
amount of the silver being added. Interestingly, switching the additive to silver bistriflamide (AgNTf2) also gave the [3,3]-product in excellent yield (entry 5) which show
that the counterion does not significantly impact the outcome. At this point, it was
believed that the rearrangement is undergoing a cationic [3,3]-rearrangement with silver
acting as a Lewis-acid. Thus, we investigated the use of Bronsted acid to see if the
reaction would undergo truly cationic sigmatropic rearrangement. Interestingly, addition
of triethyl ammonium triflate (HNEt3OTf) afforded the sigmatropic rearrangement
product 2.60a in 67 % yield (entry 6), while the use of a strong acid, TFA, resulted in a
roughly 1:1 mixture of the ionic product 2.80 and the sigmatropic product 2.60a (entry
7). This result confirms the potential for an acidic promoter of the [3,3]-sigmatropic
rearrangement .
The above results from the table 2.3 provided a mechanistic insight for the conversion
of the zwitterionic intermediate 2.63a to the guanidines 2.60a and 2.80. The formation of
the seven-membered ring guanidine 2.80 is preferred when the reaction is conducted at
elevated temperature without any Lewis acids. Similar to Saito’s example shown in
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section 2.2 (scheme 2.26)69, thermal conditions favor dissociation of the C-N bond
between the quaternary nitrogen atom and the vinylic carbon atom in the zwitterionic
intermediate 2.63a (scheme 2.26), and undergoes intramolecular SN1 reaction with the
imine nitrogen. However, the same zwitterionic intermediate 2.63a readily undergoes the
[3,3]-sigmatropic rearrangement if the silver or mild aprotic acid is present.

Scheme 2.26: Proposed mechanism for the [3,3]-product and the ionic product
These results suggested the silver atom is acting as a Lewis acid and promoting the
cationic [3,3]- rearrangement which appears to have much lower energy of activation.
Although there is no conclusive evidence the silver complexation, the addition of AgOTf
and/or AgNTf2 to the reaction mixture facilitated the solvation of the zwitterion 2.63a
which is insoluble in benzene. This solvation suggests that these organic silver
coordinates to the zwitterion 2.63a and forms the Lewis acid-cationic complex which
further suggest the cationic [3,3] rearrangement mechanism. It is worth mentioning that
complexation of the silver to the rearrangement product 2.60a has a dramatic effect on
the 1H NMR spectrum.
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Figure 2.3: 1H NMR spectra somparison of the a) pure guanidine 2.60a, and b) silver
complex

The guanidine 2.60a has a relatively rigid system despite having a nine-membered ring
due to the fused imidazole moiety. Thus the compound has a slow ring conformational
change in relative to the NMR time scale, and gives an broadened aliphatic signals
(Figure 2.3a). The slow ring flip, however, seems to halt in the presence of the silver
because the NMR signals appears to be sharp and resolved throughout the spectrum
(Figure 2.3b).
Unlike the guanidine from the three carbon tether system 2.60b, the
characterization of the guanidine 2.60a was challenging due to the aforementioned
broadened aliphatic signals. Initially we attempted to resolve the aliphatic region of the
NMR spectrum (figure 2.3a) using variable temperature NMR experiment, but the results
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remained inconclusive. Ultimately, we were able to obtain the X-ray crystal structure to
finally confirm the structure of the 9-membered ring guanidine 2.60a.

Figure 2.4: X-ray crystal structure of the guanidine 2.60a

The potential cationic rearrangement from the Ts- bearing system gave us a new
direction to our research. Previously, we observed that the more electron deficient
system engaged in faster rearrangement. However, if the cationic mechanism is at play,
an electron-poor system would work to our disadvantage. In fact, when the triflate
bearing isothiourea 2.83 was subjected to the rearrangement conditions, the zwitterionic
intermediate did not result in any rearrangement (Scheme 2.27).

Scheme 2.27: Synthesis and the desulfurization of triflate bearing system
The failure of the above system can imply that a group like triflate forms a zwitterionic
intermediate with reduced basicity, and was unable to undergo the cationic
rearrangement. Thus, more electron rich isothioureas with weaker electron withdrawing
groups than triflate were considered good targets.
57

The Boc bearing isothioureas 2.59Sa-c were appealing system due to being easily
accessible by employing a similar starting material synthesis as the preparation of the
tosyl isothioureas (scheme 2.17). Also, the Boc bearing isothioureas have more
synthetic application because the Boc group can be easily cleaved off to afford us the
deprotected guanidines.

Scheme 2.28: Initial rearrangement attempt for the N-Boc bearing isothiourea 2.59Sa
Initially the desulfurization of the N-Boc isothioureas were conducted under the same
reaction conditions as the tosyl isothioureas with 1.6 equivalence of AgOTf. However,
TLC analysis indicated the slower desulfurization. Thus, the reaction was brought to
DCM at reflux in order to speed the rate of the desulfurization. Interestingly, no
zwitterionic intermediate was isolated after the desulfurization step (Scheme 2.28),
rather, the rearrangement product was obtained. This means that switching to a less
electron deficient EWG significantly enhanced the rate of the 1,3-diaza-Claisen
rearrangement. We believe that this is because the zwitterionic intermediate 2.84Sa is far
more basic compared to the tosyl bearing system 2.63Sa, the reaction can undergo the
cationic [3,3]-sigmatropic through either silver or proton promoted reaction mechanism.

58

It was a pleasant surprise that the rearrangement took place at room temperature
because the zwitterionic intermediate for the Boc-bearing system is expected to not
tolerate the aqueous environment. We have tried to heat the crude mixture from the
desulfurization reaction in benzene, but the TLC and the 1H NMR spectrum indicated the
reaction had reached completion before it was transferred to the benzene
With the reaction conditions optimized, the desulfurization and the rearrangement
of the Boc-bearing systems were investigated. We were pleased to obtain the guanidines
2.85a and 2.85b from the corresponding carbon tethers in excellent yields (Scheme 2.29).
The Boc-guanidine products are isolated as a guanidium triflate salts even after the
column chromatography since the products are more basic guanidines than the tosyl
guanidine products.

Scheme 2.29: N-Boc isothiourea rearrangement reaction scope

Although, the four-carbon tether system 2.59Sc did not afford the rearrangement product
2.85c, it did not undergo the disproportionation. This results further supports our
hypothesis which utilizing a less electron withdrawing group on the carbodiimide
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prevents the disproportionation. Currently, more work is underway on the rearrangement
of the four-carbon tethered carbodiimide.

2.5: Rearrangement of Carbonyl bearing Systems
For all the examples discussed above, the electronics of the
carbodiimide/zwitterionic intermediate were solely dependent on the electron
withdrawing groups (either Boc- or Ts- groups). Recently, Dr. Madalengoitia found
modeling suggesting that a carbodiimide with carbonyl on the tether side and an alkyl
group on the other side (2.86) proceeds through a lower activation energy transition state
for the rearrangement on the exocyclic nitrogen of the zwitterionic intermediate 2.87.
This was of significance to this project because due to the geometric restriction of our
system, rearrangement is forced to occur on the exocyclic nitrogen (table 2.4).
Table 2.4: Preliminary DFT results for the electron withdrawing group effect (the values
are relative)

Entry

X

R

ΔG (kcal/mol) 2.87

ΔG‡ (kcal/mol) TS endo

ΔG‡ (kcal/mol) TS exo

1

O

Ms

-19.2

27.6

29.6

2

O

CO2Me

-15.2

29.4

27.4

3

O

Me

-9.1

32.5

26.7

4

H2

Ms

-9.3

27.7

31.6
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The entries 1 to 3 indicate that the rearrangement onto the endocyclic nitrogen atom (TS
endo), highlighted in blue, becomes increasingly favorable when the exocyclic nitrogen
becomes less electron withdrawing (Me > CO2Me > Ms) (table 2.4). Also, the
rearrangement onto the endocyclic nitrogen atom is far more favorable in the case where
X = O, R = Me than in the case where X = H2, R = Ms. (entry 3 and 4). Since in the vinyl
pyrrolidine rearrangement, the geometry dictates rearrangement on the exocyclic
nitrogen, we thought that the case in which X = O, R = Bn would have the vinyl
pyrrolidine rearrangement more feasible.

Scheme 2.30: Synthesis of two-carbon tether acyl-benzyl isothiourea 2.90Sa
The isothiourea 2.90Sa was synthesized in the 4 step-linear-synthesis form the NBoc pyrrolidine 2.55S. The Boc group was first removed with TFA and the resulting free
vinyl pyrrolidinium salt was allowed to undergo an SN2 reaction with the electrophile
2.88 in acetonitrile in the presence of potassium carbonate under room temperature to
afford the amide 2.46S in 77 % yield. The amide 2.46S was then deprotonated with
sodium hydride and allowed to add to the benzyl isothiocyanate to give the thiourea
2.89Sa in a good yield. The obtained thiourea 2.89Sa was then again deprotonated with
sodium hydride and was allowed to react with the methyl iodide to afford the isothiourea
2.90Sa in 70 % yield.
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Scheme 2.31: Synthesis of three-carbon tether acyl-benzyl isothiourea 2.90Sb

As for the three carbon-tether benzyl acyl isthiourea 2.90Sb, a similar synthetic
sequence was used. Starting with Boc deprotection of the pyrrolidine 2.55S, the resulting
amine then conjugate added to methyl acrylate 2.91, affording the ester 2.92S in 82 %
yield under mild conditions. The ester 2.92S was then allowed to react with ammonia to
form the amide 2.93S in an excellent yield. The thiourea 2.89Sb was prepared by
treating the amide 2.93S with sodium hydride and allowing it to react with the benzyl
isothiocyanate. The thiourea 2.89Sb was then methylated to afford the isothiourea
2.90Sb in 32 % yield. The step is still being optimized in order to improve the yield.

Scheme 2.32: Rearrangement of the carbonyl bearing isothiureas
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We are pleased to report that the rearrangement with the benzyl acyl system has given
excellent results (scheme 2.32). When the two-carbon tether isothiourea 2.90Sa was
treated with AgOTf with Et3N in DCM at reflux, the reaction resulted in the mixture of
the rearrangement product 2.95a and a small amount of the zwitterionic intermediate
2.94Sa according to the crude 1H NMR spectrum. After the mixture was allowed to react
in benzene at reflux, it resulted in the [3,3] product in quantitative yield. The threecarbon tether isothiourea 2.90Sb on the other hand, underwent the [3,3]-rearrangement at
room temperature under the desulfurization conditions to result in the 92 % of the
guanidine 2.95b with 1.6 equivalent of AgOTf and 1.1 equivalent of Et3N. These results
highlight that having carbonyl on the tether side of the carbodiimide accelerates the rate
of the rearrangement quite remarkably.
Another interesting example involves the attempted desulfurization and the
rearrangement of the acyl isothiourea bearing Ts- group 2.96S. The corresponding
isothiourea was synthesized via the addition reaction between the amide 2.46S and the
Ts-chlorocarbothioimidate 2.57 with a low yield of 24 % (Scheme 2.33). Optimization of
the addition reaction is currently under the investigation.

Scheme 2.33: Unexpected Sommelet-Hauser Rearrangement
Although the isothiourea 2.96S was produced in the low yield, upon desulfurization and
attempted diaza-Claisen rearrangement, we observed a unique reactivity. Instead of
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undergoing the diaza-Claisen rearrangement, the reaction underwent SommeletHauser like [2,3]-rearrangement at room temperature and afforded eight-membered ring
guanidine 2.97 in 89 % yield (Scheme 2.33).
The Sommelet-Hauser rearrangement is a type of [2,3]-sigmatropic rearrangement
that involves a migration of a alkyl substituent from quaternary nitrogen atom to arylic or
allylic carbon (scheme 2.34).

Scheme 2.34: Sommelet-Hauser rearrangement of quaternary ammonium salts
The conceptual example is shown in scheme 2.34. The tertiary amine 2.99 is methylated
via the iodomethane to form the ammonium iodide salt 2.100. The salt was then
deprotonated to form the nitrogen ylide 2.101. The minor resonance of the ylide 2.102
then undergoes [2,3]-sigmatropic rearrangement to give the short lived specie 2.103’
which rapidly undergoes aromatization to give the product 2.10378.
Matt Leudtke has encountered similar reactivity when he was investigating the
1,3-diaza-Claisen rearrangement of the linear isothioureas. He was able to develop a
small scope of the [2,3]-rearrangement on series of the acyl isothioureas (scheme 2.35).
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Scheme 2.35: Matt’s attempt of developing examples of Sommelet-Hauser
rearrangement

Because all our examples of the Sommelet-Hauser rearrangement involved the substrate
containing carbonyl adjacent to the isothiourea, we believe that deprotonation on the
carbon alpha to the carbonyl is the essential process in these transformations. In fact,
Boc isothiourea 2.106 underwent a more sluggish rearrangement when compared to the
Ts-substituted variant 2.104. Interestingly, the proline-derived system 2.108 underwent
[3,3]-rearrangement, rather than [2,3]-rearrangement. This example further supports that
the enolate formation is a crucial step in the mechanism since it is expected that 2.108
would be more sterically challenging to be deprotonated.
We have attempted to develop a similar Sommelet-Hauser reaction scope for the
vinyl pyrrolidines to better understand the reactivity and trends for the acyl bearing
systems. However, we were unable to synthesize the N-Boc isothiourea 2.112S, thus the
development of the [2,3]-rearrangement is still under progress (Scheme 2.36).
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Scheme 2.36: Proposed Sommelet-Hauser rearrangement substrates
The Sommelet-Hauser rearrangement attempt on the vinyl piperidine 2.116 is discussed
in the chapter 3 of this dissertation. Because it is challenging to modify the heterocyclic
side of the isothioureas, our reaction scope for the rearrangement is somewhat limited.
Another potential idea is to use the stronger base for the desulfurization of the benzyl
substituted isothiourea 2.90Sa to prevent the cationic [3,3]- rearrangement and see
whether the reaction undergoes the zwitterionic [3,3]- or the [2,3] rearrangement.

Scheme 2.37: Future Sommelet-Hauser rearrangement attempt with TBD

66

2.6: DFT and Mechanistic Investigation

To further understand and explain the unique reactivity, of the ring expanding 1,3diaza-Claisen rearrangement, we have undertook DFT calculations. We initially began
determining the minimal energy transition states solely for the zwitterionic reaction
pathway. However, some of the experimental results such as the silver and acid
promoted reaction may be suggested that these rearrangements are undergoing much
more complex mechanistic pathways than we previously believed. Because the
desulfurization of isothioureas produces the triethylammonium triflate during the
reaction, we used triethylammonium salts as the source of the proton. All energies of the
carbodiimide, zwitterionic intermediate, and the guanidine are calculated using m062x
functional with 6-311+G(d.p) basis set with the energies of the transition state calculated
using 6-31G(d) basis set. To better simulate the reaction environment, SCRF in benzene
was used.
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Figure 2.5: Energy profile for the rearrangement of the two-carbon tether sulfonyl
bearing carbodiimide 2.119a

The sulfonyl substituted carbodiimide can form the two diastereomeric
zwitterionic intermediate 2.120a or 2.120a’. It was somewhat of a surprise to see that the
formation of the zwitterionic intermediates are only favored by less than 1 kcal/mole
despite these zwitterions being stable enough to be isolated. It is speculated that both
diastereomers can interconvert readily, and the diastereomer 2.120a’ is non-productive.
Hence, the reaction diverges rather dramatically. While it was originally believed that the
reaction proceed through zwitterionic rearrangement (TS1a-ZI), it had a much higher
ΔG‡ of 28.5 kcal/mol when compared with the cationic reaction pathway (TS1a-CI)
which has significantly lower energy with only 18 kcal/mol. Although the protonation of
the zwitterionic intermediate 2.120a is only favored by 2.7 kcal/mol, the cationic
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intermediate 2.121a rearranges much more readily. Rather than the Bronsted acid, the
silver may be facilitating the formation of the cationic intermediate as the experimental
results showed the significantly efficient [3,3]-rearrangement when the silver is used as
an additive (table 2.3).

Figure 2.6: Enrgy profile for the rearrangement of the two-carbon tether ester substituted
carbodiimide 2.124a
DFT calculation results for the ester-two-carbon tether vinyl pyrrolidine are
shown in figure 2.6. The formation of the zwitterionic intermediate 2.125a’ is quite an
energetic uphill indicating that the carbodiimide is more favored in the equilibrium due to
the ester being significantly less electron-withdrawing carbamate compared to the
sulfonyl group. However, the product protonation of the productive diastereomer 2.125a
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is much more favored at 7 kcal/mol due the intermediate 2.125a being much more basic
compared to Ms-substituted intermediate 2.120a and the activation energy of the cationic
rearrangement is about 20 kcal/mole. Having such a favorable protonation step as well as
the lower energy transition state TS2a-CI, the Boc containing system likely is
undergoing the cationic [3,3]-rearrangement mechanism. This computational result
makes sense as the Boc bearing isothioureas undergo the sigmatropic rearrangement at
room temperature without the addition of the extra silver.

Figure 2.7: Energy profile for the rearrangement of the two-carbon tether acyl- and
benzyl- bearing carbodiimide 2.129a
The acyl- benzyl-carbodiimide-two-carbon tether vinyl pyrrolidine also follows the
similar trends to the two previously discussed systems (Figure 2.7). Surprisingly, the
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cyclization of the carbodiimide is much more favored compared to the sulfonyl bearing
system. Also both diasteromers 2.130a and 2.130a’ are similar in energy. Although it is
strongly suggested that cationic mechanism is most likely at the play due to TS3a-CI is
much lower in the energy, this system has the smallest energy difference with about 6
kcal/mol between the two transition states TS3a-CI and TS3a-ZI. The most likely
reason is that the bond forming process with the electron withdrawing group as part of
the tether, the electronics favor rearrangement to the exocyclic nitrogen as discussed
previously.

Figure 2.8: Energy profile for the rearrangement of the three-caron tether of sulfonyl
bearing carbodiimide 2.119b
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For the three-carbon tethered systems, we observed similar trends to the twocarbon tethered systems were obtained. As shown in the figures 2.8 to 2.10, all
calculations illustrate that the cationic transition states are significantly lower in energy
than the zwitterionic transition states (TSXb-CI vs TSXb-ZI). One major difference
from the two carbon tether examples; however, is that the formation of the spirocyclic
zwitterionic intermediates are far more unfavorable with than the two-carbon tethers.

Figure 2.9: Energy profile for the rearrangement of the three-carbon tether Boc bearing
carbodiimide 2.124b
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The protonation of the zwitterionic intermediates are much more favored for all the threecarbon tether systems. The favorable protonation is probably due to increased basicity of
the diazine moiety. For example, the protonation of the zwitterionic intermediate 2.120a
for the two-carbon tether sulfonyl system, it was only favored by 2 kcal/mole. However,
the three-carbon tether for the same system 2.120b, the protonation is favored by 7.5
kcal/mole (figure 2.8). This favorable protonation step indicates that the reaction is
almost certainly undergoing the cationic reaction pathway in the presence of Et3NH. This
trend is experimentally supported since the guanidine 2.60b was produced without
heating (table 2.1).

Figure 2.10: Energy profile for the rearrangement of the three-carbon tether acyl- and
benzyl bearing carbodiimide 2.129b
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From the DFT results, we determined that the protonation of the zwitterionic
intermediates is the essential step which provides the thermodynamic sink in the
equilibrium between the carbodiimide and the spirocyclic zwitterionic intermediate, and
lowers the energy of activation for the rearrangement. Less electron withdrawing
carbodiimides undergo more favorable protonation and lead to faster rearrangement.
An interesting trend was observed in in the transition state. According to the DFT
calculation, the distance between the forming bond and the breaking bond becomes
slightly longer when it is protonated. For example, two-carbon tether Ms- substituted
zwttiterionic transition state TS1a-ZI has the distance of breaking bond and forming
bond at 2.07 Å and 2.19 Å, respectively while the cationic transition state TS1a-CI is at
2.5 Å for both breaking bond and forming bond. This is about 0.5 Å longer in the
cationic transition state TS1a-CI. The breaking bond elongation suggests that faster C-N
bond breakage is at play, and the positive charge is transferred to the allyl carbon and be
delocalized. Thus, having the faster bond breakage contributes to the stabilization of the
transition state.
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Table 2.5: Bond lengths comparison between the zwitterionic and the cationic transition
states
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2.7: Summary

The ring expansion of the vinyl pyrrolidine isothiourea tethers via the 1,3-diazaClaisen rearrangement has been explored. All the rearrangements on the two- and the
three-carbon tether have resulted in a successful transformation into unsaturated ninemembered heterocycles. Additive study showed that presence of silver promotes the
[3,3]-sigmatropic rearrangement while the thermal environment favors the ionic reaction
pathway for the sulfonyl substituted carbodiimides. The less electron withdrawing
carbodiimides underwent efficient [3,3]-rearrangement without the additional silver at
lower temperature. The DFT calculations revealed the favorable protonation of the
zwitteronic intermediates especially for the less electron withdrawing carbodiimide.
Resulting cationic intermediate then undergoes the cationic [3,3]-sigmatropic
rearrangement which requires significantly lower energy than the zwitterionic
rearrangement.
Aside from undergoing the [3,3]-sigmatropic rearrangement, the vinyl pyrrolidine
tether exhibited unique reactivity that is impacted by the tether length and electronics
property. The desulfurization of the two carbon tether acyl- and tosyl- substitute
isothiourea resulted in the Sommelet-Hauser like [2,3]-rearrangement. The
desulfurization of the four carbon tether gave the facile disproportionation.
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CHAPTER 3 : RING EXPANSION OF VINYL PIPERIDINE VIA THE 1,3DIAZA-CLAISEN REARRANGEMENT

3.1: Intramolecular Rearrangement of Non-strained System

The ring expansion reaction of the vinyl piperidines via the [3,3]-sigmatropic
rearrangement is not a new concept. In fact one of the first examples of the aza-Claisen
rearrangement was done on a vinyl piperidine as described in chapter 1 (scheme 1.13).
Although many examples of the ring expansion of the vinyl piperidine have been
reported to date, the number of successful examples are far less than that of pyrrolidines.

Figure 3.1: Strain energy of the cyclohexane and cyclopentane

The reason for the piperidine ring expansion is more challenging than the vinyl
pyrrolidine ring expansion is simply due to ring strain. The six-membered ring is the
most stable size ring while the five-membered ring is over 6 kcal/mol higher in energy
(figure 3.1)79. Thus, the ring expansion of six-membered ring is not to the same release
of the strain as the ring expansion of a vinyl piperidine, and it solely relies on the strength
of the reagents and reaction environment. Due to the reasons above, the ring expansion
of vinyl piperidine using the 1,3-diaza-Claisen rearrangement is expected to behave as
the non-strained system. Previously the intramolecular zwitterionic 1,3-diaza-Claisen
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rearrangement on the non-strained linear system was studied in the Madalengoitia group
by a former group member Matt Luedtke (table 3.1)47.
Table 3.1: Excerpt of the zwitterionic 1,3-diaza-Claisen rearrangement of linear
isothiourea tethered tertiary amines

Entry

R1

R2

R3

EWG

Yield 3.3 (%)

Yield 3.4 (%)

1

Allyl

H

H

Ts

83

-

2

Allyl

H

H

Tf

76

-

3

Allyl

H

H

Boc

-

67

4

Bn

H

H

Ts

70

-

5

Bn

Me

H

Ts

74

-

6

CH2Bn

H

H

Ts

90

-

7

m-BrPh

H

H

Ts

70

-

8

Bn

Me

Me

Ts

27
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In his study, over 15 examples of the allyl tertiary amine-isothiourea tethers were
desulfurized and successfully rearranged affording the guanidines 3.3 and 3.4. Table 3.1
above shows the excerpt of the scope for the two-carbon tether isothioureas. The
rearrangement of these systems commonly results in the migration of the allyl group to
the endocyclic nitrogen atom via the favorable chair like transition state TS-3.3 (figure
3.2). Only Boc substituted isothiourea (entry 3) and benzyl-dimethylallyl substituted
amine (entry 8) underwent the rearrangement onto the exocyclic nitrogen atom.
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Figure 3.2: Proposed transition states for the formation of the two regioisomers 3.3 and
3.4

It is hypothesized that the favorability of the endo- transition state TS-3.3 is due to the
bond formation to the N-sulfonyl is slower. In fact, a less electron deficient isothiourea (NBoc in entry 3) afforded the rearrangement at exo-position (with TS-3.4), but this is due
to protonation of the endocyclic nitrogen.

Scheme 3.1: Effect of AgOTf for the rearrangement of the zwitterion 3.2a
Matt has discovered that silver affects the rearrangement in different ways than
what was discussed in chapter 2. In his study, the deuterium labeled isothiourea was
desulfurized to give the zwitterionic intermediate 3.2a (scheme 3.1). When the
zwitterionic intermediate 3.2a was heated in benzene with no silver, the reaction
primarily underwent [3,3]-sigmatropic rearrangement, while the addition of catalytic
silver afforded the mixture of the ionic product 3.3a’ and the [3,3]-product 3.3a.

79

My work presented in this chapter is the ring expansion of the vinyl piperidine
(Scheme 3.2). We expected that the similar reactivity profile to the previously discussed
vinyl pyrrolidine would be observed with a few exceptions arising from having the nonstrained system. The same general strategy involving the desulfurization of the
isothiourea was utilized. The zwitterionic intermediate 3.6 would then undergo the ring
expanding 1,3-diaza-Claisen rearrangement to potentially afford 10-membered guanidine
containing fused bicycles 3.7 – 3.8.

Scheme 3.2: Overview of the ring expansion of vinyl piperidine
3.2: Preparation of the Isothioureas

The synthesis of the vinyl piperidine-isothiourea tether was initially complicated
due to the expense of pure L-pipercolinic acid. Luckily, the optically pure L-N-Boc
pipercolinic acid 3.10 is commercially available and reasonably priced. Thus, the same
synthetic strategy with the vinyl pyrrolidine preparation was employed (scheme 3.3).

Scheme 3.3: Synthesis of the vinyl piperidine 3.13
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The carboxylic acid 3.10 was reduced to the primary alcohol 3.11 via the borane dimethyl
sulfide complex in 95 % yield. The alcohol was then subjected to the Swern oxidation to
give the aldehyde 3.12 in 93 % yield. The alcohol 3.12 was then subjected to the Wittig
olefination conditions to afford the vinyl piperidine 3.13 in 89 % yield.

Scheme 3.4: Synthesis of the isothioureas from the vinyl piperidine
Due to the four-carbon tether isothioureas for the vinyl pyrrolidine systems failing to
undergo the rearrangement (section 2.4), only two- and three-carbon tether isothiourea
were considered for the vinyl piperidine ring expansion reactions. The same synthesis for
the vinyl pyrrolidine-isothiourea tether preparation was utilized. The vinyl piperidine
3.13 was first treated with TFA to cleave off the Boc-group, and subjected to the SN2
reactions with the substrate 2.50a and 2.50b to prepare the corresponding phthalmide
tethers 3.14 in 65 – 76 % yield. The phthalmide tethers were subjected to the IngManske deprotection method to afford the primary amines which are subsequently
allowed to react with each carbonthioimidates, 2.57 and 2.58, to afford the corresponding
isothioureas. Both Ts- (3.15) and Boc- (3.16) bearing isothioureas are produced in about
70 % yields which are comparable to the vinyl pyrrolidine system.
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Similarly, for the carbonyl bearing systems, the same synthetic strategy for the
vinyl pyrrolidines were initially considered. However, the low yielding process of both
preparation of thiourea 2.89Sb and the subsequent methylation to prepare the isothiourea
2.90Sb raised a concern (scheme 2.31). We have attempted to optimize the methylation
conditions, using diallylamine system 3.17, but none of the conditions resulted in high
yield for the three carbon tether (scheme 3.5a). The poor yields are probably due to the
methylation of the tertiary amine, followed by elimination as suggested by the formation
of 3.19.

a)

b)
Scheme 3.5: a) Controlled methylation of the thiourea 3.17; b) Desulfurization of the
thiourea 2.89Sb leading to the 1,3-diaza-Claisen rearrangement

We recently discovered that the thioureas 2.89Sb can be desulfurized using two
equivalent of AgOTf or one equivalent of HgCl2 with two equivalent of the base, and
proceeds to the rearrangement (scheme 3.5b). Securing access to the carbodiimides
directly from the thioureas not only shorten the synthetic steps, but also improves the
overall yield for the guanidines especially for the three-carbon tether.
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Scheme 3.6: Synthesis of the two-carbon tether thiourea 3.21a
With the plan to desulfurize the thiourea, the syntheses of the vinyl piperidinethiourea tether were conducted. For each thiourea, the same synthetic approach was
taken for the vinyl pyrrolidine system. The vinyl piperidine 3.13 was treated with TFA,
and subsequently allowed to react with 1-bromoacetamide 2.88 under mild conditions via
SN2 reaction to afford the amide 3.20 in 88 % yield. The amide was then deprotonated by
the sodium hydride, and added to benzyl isothiocyanate to form the desired thiourea
3.21a in 71 % yield.

Scheme 3.7: Synthesis of the three-carbon tether thiourea 3.21b
For the three carbon tether, the deprotected vinyl piperidine 3.13 was treated with
Et3N and methyl acrylate 2.91 to form the ester 3.22 via conjugate addition in 77 % yield.
The ester was then converted to the amide 3.23 in quantitative yield under standard
ammonolysis conditions. The addition of the isothiocyanate to the amide 3.23 was met
with difficulty. The reaction with the isothiocyanate did not give any thiourea in DMF or
THF at 0 oC. We were able to obtain the thiourea 3.21b in 31 % when the reaction
temperature was carefully controlled which involved addition of the isothiocyanates at
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lower temperature and allowing the reaction mixture to slowly warm up to room
temperature.

3.3: Rearrangement of the Sulfonyl Carbodiimide

We began the investigation for the vinyl piperidine ring expansion reaction with
the three-carbon tether tosyl substituted isothiourea 3.15b. Initially, the formation of the
trans-alkene 3.26b was anticipated arising from chair-like transition state TS1b-endo
during the [3,3]-sigmatropic rearrangement.

Scheme 3.8: Initial rearrangement attempt of 3.15b
However, desulfurization of the isothiourea 3.15b with AgOTf at room temperature
resulted in formation of the disproportionation product 3.27. Unlike the four-carbon
tether vinyl pyrrolidine system, the MS analysis of the reaction mixture revealed a mass
corresponding to the desulfurized product at 348 m/z according to the crude MS. The
mass could have been either the carbodiimide 3.24b, the zwitterion 3.25b, and/or the
rearranged product 3.26b. Despite the MS result, the crude 1H NMR spectrum showed
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no internal alkene signals, and we were unable to isolate any of the potential guanidines
after the silica gel column chromatography. We speculated that the expected product is
produced in such small quantity and is perhaps difficult to visualize by TLC. We, then
attempted to prevent the disproportionation by using the previously mentioned stepwise
desulfurization method (scheme 3.9).

Scheme 3.9: Attempted stepwise desulfurization of the isothiourea 3.15b
Unfortunately, the stepwise desulfurization resulted in a complex mixture that was too
difficult to separate on the silica gel column chromatography. Although, we were unable
to isolate any expected product, the crude MS indicated the smaller signal for the
disproportionation product and larger signal for the desulfurized species at m/z 348. It is
speculated that the system has a sluggish rearrangement, and the MS is detecting the
mass of either the carbodiimide 3.24b or the zwitterion 3.25b which decomposes on
silica gel chromatography. We also believe that small amount of the ionic product 3.28b
is being formed as one of the fractions from the chromatography showed the existence of
the vinyl peak but no N-H peaks. Since Et3N does not deprotonate 3.15b quantitatively,
we speculate that using the stronger organic super base such as TBD may help promote
the rearrangement (Scheme 3.10). We are still investigating the stepwise desulfurization
with TBD.
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Scheme 3.10: Stepwise desulfurization with TBD

From the previous results with the vinyl pyrrolidine series that the shorter carbontether species are less likely to disproportionate, we shifted our focus to the two-carbon
tether system. Within the studies done in Madalengoitia group, the two-carbon tether
system is the only example an isolable zwitterionic intermediate, and the only example
where the rearrangement can be isolated from the desulfurization, and conduct them as
essentially two separate steps (scheme 3.11).

Scheme 3.11: Desulfurization of the isothiourea 3.15a affording the zwitterionic
intermediate

As expected, the zwitterionic intermediate 3.25a was isolated, and even tolerated the
silica gel column chromatography. With purified zwitterionic intermediate 3.25a in
hand, the additive study was conducted.
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Table 3.2: Investigation of the additive effect on the rearrangement of 3.25a

Entry

Additive

Temp (Co)

Time

Yield [3,3]

Yield ionic

1

AgOTf (1.0 eq)

50

24 h

> 10 %

Trace

2

AgOTf (1.0 eq)

80

24 h

17 %

~ 30 %*

3

None

50

24 h

20 %

-

None
80
24 h
72 %
4
* NEt3 incorporation observed. Structure yet to be confirmed

-

Again, we expected the similar reactivity to the vinyl pyrrolidine system in that the
addition of the silver should facilitate the [3,3]-sigmatropic rearrangement, and the
thermal environment would promote the ionic reaction. We tested the optimal reaction
condition for the pyrrolidine rearrangement (entry 1) at first. Surprisingly, the reaction at
50 oC with one equivalent of AgOTf only produced about 10 % of the [3,3] product (the
structure will be determined later in the section), and majority of the zwitterion 3.15a was
recovered. We initially suspected that piperidine simply has a higher energy of activation
due to the lack of the ring strain, so the same condition was repeated but with benzene at
reflux (entry 2). Elevated temperatures resulted in slightly increased yield of the
rearrangement product, but it also afforded about 30 % of the mixture which contains the
potential ionic product 3.28a. The rearrangement was then conducted under silver free
conditions (entry 3 and 4). We were intrigued to see the rearrangement under benzene at
reflux resulted in predominantly [3,3]-sigmatropic rearrangement, and isolated the
rearrangement product in 73 % yield. This result was quite unexpected in that the vinyl
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pyrrolidine and the vinyl piperidine exhibited a totally opposite reactivity in which the
addition of silver negatively impacted the reaction outcome for the latter system. The
difference in the reactivity clearly shows the dramatic reactivity difference between the
two ring systems.
To elucidate the unexpected reactivity of the vinyl piperidine system, we initiated
DFT calculations of the vinyl piperidine. Originally the rearrangement onto the
exocyclic nitrogen with Z- stereochemistry in the 10-membered fused ring 3.30a (table
3.2) was expected in analogy to the vinyl pyrrolidine. Surprisingly, the transition state
responsible for the Z-isomer TS1a-exo’ exhibits significantly higher activation energy at
35.3 kcal/mol (figure 3.3) from the lowest energy zwitterionic intermediate 3.32. What’s
even more unexpected is that the transition state TS1a-endo, responsible for the
rearrangement with the endocyclic- nitrogen atom is only at 25.6 kcal/mol. This is
significantly lower than the both transition states, TS1a-exo’ and TS1a-exo, responsible
for the rearrangement to the exocyclic nitrogen atom. It is noteworthy that the formation
of E-isomer 3.34 is also more favorable at 31.7 kcal/mol which is 3.6 kcal/mol lower than
that of the Z-isomer 3.35.
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Figure 3.3: DFT calculation of the energy of activation for the rearrangement responsible
for each isomers
The dramatic difference in the transition state energies between the vinyl piperidine and
the vinyl pyrrolidine (figure 2.5 – 2.10 in previous chapter) is in part due to the larger
energy difference between the lowest energy conformation of the diastereomeric
zwitterionic intermediate 3.32 and higher energy conformations 3.36 – 3.38 of the
diastereomeric zwitterionic intermediates (figure 3.4). In contrast, the vinyl pyrrolidine
system involved different diastereomers of the zwitterionic intermediate that are closer in
energy. For the vinyl piperidine calculations show that the trans diastereomer in
conformation 3.32 is the most stable.
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Figure 3.4: Different conformations of the zwitterionic intermediate

DFT calculations have also revealed that the energy difference on these
conformations of the diastereomeric zwitterionic intermediates becomes much larger
upon protonation (figure 3.5). According to the calculations, formation of the cationic
intermediate 3.39 is favored by over 6 kcal/mol from the carbodiimide 3.31, and
protonation of the higher energy conformations 3.40 – 3.42 is unfavorable by at least 3
kcal/mol. The lowest cationic intermediate 3.39 can then theoretically undergo the
cationic [3,3]-rearrangement with the exocyclic nitrogen since the ΔG‡ of the reaction is
only 17 kcal/mol. However, we have experimentally shown that the rearrangement
predominantly affords the guanidine 3.29a which the migration takes place to the
endocyclic nitrogen; thereby the reaction is likely undergoing without the protonation,
and solely by the zwitterionic rearrangement. The calculation results somewhat provide
the explanation as to why the rearrangement attempt with added silver failed to promote
the rearrangement (entry 1 and 2 on table 3.2). Silver likely coordinates with the
endocyclic nitrogen and prevents the zwitterionic [3,3]-rearrangement.

90

a)

b)
Figure 3.5: DFT calculation of a) the energy of activation for the cationic [3,3]rearrangement; b) energy of minor cationic intermediates

It is not clear why the bond formation with the exocyclic nitrogen was not
observed given that ΔG‡ of the cationic [3,3]-rearrangement seems achievable (TS2aexo). Perhaps that addition of a Brønsted acid may facilitate the rearrangement. If the
Brønsted acid can promote the rearrangement to the exocyclic nitrogen, then the system
could exhibit switchable reaction pathway that is depended on the type of the acid. We
are currently investigating more additive effect on the rearrangement.
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In order to have concrete evidence to support the generation of the guanidine
3.29a, a series of 1H NMR experiments were conducted including 1D NOE, COSY,
TOCSY, HSQC, and HMBC, and NOESY. First, we attempted to assign protons to each
resonance using heteronuclei 2D NMR experiment, HSQC, and HMBC. We were able to
identify some of the key protons, but the signal broadening due to the suspected slow ring
flip of the guanidine 3.29a presented us with difficulty interpreting the whole structure.
We then obtained COSY and TOCSY spectra, and were able to identify the proton
signals for the imidazoline moiety. We then conducted 1D NOE experiments in hopes to
obtain the conclusive evidence of the geometry of 3.29a (figure 3.6).

Figure 3.6: NOE result and structural elucidation of the guanidine 3.29a (numbers are in
Å)
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To elucidate the structure, we focused on the protons highlighted in blue in figure 3.6
above. Determination of the E/Z stereochemistry was relatively easy from the 1D NOE
experiment. The Ha and Hc/Hd in 3.30a should be too far away to exhibit an NOE. In
fact, irradiation of the signal for Ha resulted in strong a NOE signal with Hd. Given the
result, we were able to rule out the Z-isomer as the rearrangement product. We then
focused on the NOE of the germinal protons, Hc and Hd. The major difference in the two
regioisomers, 3.26a and 3.30a, is the distance between the protons, He-f on imidazoline
ring and the vinylic protons, Hc and Hd. Unfortunately, the 1D NOE was unable to
selectively irradiate the signals for Hg due to the close chemical shift. Ultimately, we
were able to observe the NOE signal between Hg and Hc via a NOSEY experiment. It is
worth noting that NOE between some of the imidazoline protons (He and Hh) were
obtained during the series of experiments. Therefore, based on the NMR experiment, we
were able to confirm the guanidine 3.30a as the major product for the desulfurization and
the rearrangement of the isothiourea 3.15a (Scheme 3.12).

Scheme 3.12: Summary of the desulfurization of isothiourea 3.15a
The unexpected result from the desulfurization of the Ts-substituted two-carbon
tether isothiourea 3.15a prompted us to test the rearrangement of the Tf- substituted
isothiourea 3.14a. For the vinyl pyrrolidine system, the Tf-bearing isothiourea resulted in
no rearrangement upon the desulfurization due to the inability to protonate the
93

zwitterionic intermediate as well as unfavorable bond forming process to the -NTf group
(scheme 3.13). On the other hand, we observed the rearrangement taking place on the
endocyclic nitrogen atom for the vinyl piperidine system. For the rearrangement with the
endocyclic nitrogen atom, the bond forming process should be facilitated by having a
more electron deficient group on the exocyclic nitrogen atom.

Scheme 3.13: Rearrangement of Tf bearing isothiourea 3.43a

We are delighted to report the triflate bearing isothiourea 3.43a underwent facile
rearrangement in DCM at reflux with 76 % yield. This example further supports our
hypothesis that the rearrangement of the vinyl piperidine system possesses a similar
behavior to the non-strained systems. Also, the formation of the Tf-bearing guanidine
3.44a provides the further evidence that the ring expansion of the vinyl piperidine is
undergoing the zwitterionic mechanism rather than the cationic mechanism.
It was quite a surprise to observe the rearrangement affording the seemingly
strained unique fused 10-membered ring 3.29a and 3.43a. As shown in the figure 3.6,
some of the protons in the trans-decene ring are positioned quite close to the imidazoline
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system. Construction of such strained transannular strained ring is extremely rare. To
my knowledge, there are only two studies that reported similar structures80-81. While an
application of such ring system is not known, having the access to such structure at ease
is a useful tool to have.

Figure 3.7: Examples of strained 10-membered rings with 1,2,3-fused bicycles

3.4: Rearrangement of Carbonyl Bearing Systems

Similar to the vinyl pyrrolidine system, we also investigated the ring expansion of
substrates possessing a carbonyl group within in the tether. Although, the result from the
sulfonyl substituted isothioureas gave the rearrangement to the endocyclic nitrogen atom,
the carbonyl bearing system was initally expected to follow the similar mechanistic
performance as we observed with the vinyl pyrrolidines.
As previously described, the thiourea 3.21a was desulfurized as opposed to the
isothiourea to cut down the synthetic steps as well as to increase the overall yield of the
guanidines. The initial desulfurization attempt with two equivalent of AgOTf and two
equivalent of Et3N have met with mixed results.
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Scheme 3.14: Desulfurization of the thiourea 3.21a
TLC monitoring of the desulfurization led to the observation of the zwitterionic
intermediate 3.46a. The reaction was then heated in benzene to attempt the
rearrangement. After the column chromatography, we obtained about 17 % of the urea
3.47, and roughly over 50 % of the complex mixture containing potentially the
rearrangement product 3.48 and the ionic product 3.49 that are incorporating Et3N.
Interestingly, the Et3N complex is not the simple guanidium or the triethyl ammonium
salt as the treatment with saturated sodium bicarbonate did not remove Et3N according to
the 1H NMR spectrum. We are currently investigating the structure.
Because we determined that silver is potentially negatively affecting the
rearrangement of the vinyl piperidine series, we conducted the desulfurization with HgCl2
as an attempt to achieve a silver free rearrangement environment.
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Figure 3.8: Curious 1H NMR spectra of the alkene region of the zwitterionic
intermediates from different desulfurization conditions (the units are in ppm)

The desulfurization with HgCl2 resulted in much cleaner 1H NMR spectrum (figure 3.8).
This difference in the spectra is once again evidence that silver is effecting the outcome
of the reaction as there are clear difference in the splitting of the vinyl proton signal
around 5.4 ppm, as well as the benzylic protons around 4.7 ppm. Unfortunately, the
silver free rearrangement attempt resulted in 40 % in a complex mixture of desulfurized
products that are difficult to separate.
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Scheme 3.15: Desulfurization of the thiourea 3.21a with HgCl2 and the subsequent
rearrangement attempt\

The three-carbon tether of the same system also gave disappointing results. The
desulfurization of the thiourea 3.21a has resulted in the formation of the complex
mixture. The reaction was still suspended in the benzene and heated for 16 hours, but no
rearrangement product could be identified from the crude NMR as well as the fractions
isolated from the column chromatography.

Scheme 3.16: Desulfurization of the thiourea 3.21b and failed rearrangement attempt
The reason for the sluggish rearrangement of these systems is most likely due to
the desulfurization condition. The thiourea desulfurization produces Ag2S as a bi-product
which is DCM soluble and can not be removed with the centrifuge. Also, the excess
AgOTf is somehow incorporated in the desulfurized product, and remaining in the
subsequent rearrangement. These remaining silver then most likely forms a Lewis acid
complex with the most energetically favorable conformation of the zwitterionic
intermediate in which the vinyl group is equatorial and trans-to the reactive -NBn group
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(3.46a and 3.46b in scheme 3.17). We speculate that the complexation then further
stabilizes the conformation, and creates much larger energy differences between the
higher energy conformations hence making the reaction much more difficult to overcome
the energy barrier.

a)

b)
Scheme 3.17: Proposed conformations of the zwitterionic intermediates affecting the
reaction outcome of a) two-carbon tether system and b) three carbon tether system

3.5: Future Direction

The Boc- bearing isothioureas are synthesized and have been subjected to the
desulfurization and the rearrangement conditions thus far (Scheme 3.18). However,
unlike the pyrrolidine system, none of the Boc-isothiourea 3.16a, and 3.16b, have
resulted in any rearrangement. Even the crude 1H NMR spectra showed a no sign of
internal alkene peaks.
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Scheme 3.18: Desulfurization and failed rearrangement attempt of Boc-substituted
isothioureas

The likely reason for the failed rearrangements are that the zwitterionic intermediates
3.54a and 3.54b are more basic than both sulfonyl and carbonyl containing species, and
the intermediates is most likely being protonated. Thus, it makes the rearrangement to
the endocyclic nitrogen atom to be less possible. The rearrangement to the -NBoc group
may take place if the vinyl group and the -NBoc group can adopt to be cis- to each other
in the intermediate 3.54. Currently more investigation is underway including using a
stronger base, as well as investigating in prolonged reaction times.
We also are planning to investigate on the sulfonyl bearing three-carbon tether
system. Currently the said system mainly gives the disproportionation product. Both use
of the stronger base and diluted reaction environment have not impacted the result
positively. One potential way to by-pass the disproportionation is to even out the
electronic on both side of the carbodiimide (scheme 3.19).
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Scheme 3.19: Rearrangement of the carbodiimide with even electronic property
We believe the synthesis of the thiourea 3.55 may present some challenges but it should
be plausible if the corresponding isothiocyanate was carefully added. The carbodiimide
3.56 should then afford the zwitterionic intermediate 3.57 and undergo the [3,3]rearrangement to give the endo-product 3.58 without reacting with another equivalent of
the starting thiourea 3.55 (that leads to the disproportionation).
Finally, we envision to investigate on new method to generate the carbodiimide.
The rhodium catalyzed cross coupling reaction between the azide and isonitrile seems an
appealing reaction for our study82. Other member of Madalengoitia group is currently
investigating the reaction. This new generation of carbodiimide should give us more
insight in reactivity of the 1,3-diaza-Claisen rearrangement without the influence of the
Lewis acids.
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Scheme 3.20: Tentative generation of the carbodiimide via rhodium catalyzed cross
coupling reaction

3.6: Summary

The ring expansion of the vinyl piperidine did not provide as many successful
examples as the vinyl pyrrolidine tethers. However, the desulfurization of the sulfonyl
substituted isothioureas underwent the [3,3]-sigmatropic rearrangement with the
endocyclic nitrogen and afforded the exotic transanular 10-membered ring. Unlike the
vinyl pyrrolidines, the six-membered ring behaved as the non-strained system where the
protonation or the Lewis acid complexation to the zwitterionic intermediate negatively
impacted the reaction outcome. Because the protonation of the endocyclic nitrogen
would prohibit the rearrangement to the said nitrogen, and the piperidine system has less
favorability to the rearrangement to the exocyclic nitrogen, the less electron deficient
carbodiimides failed to undergo the efficient [3,3]-sigmatropic rearrangement. More
investigation will be conducted to facilitate the ring expanding 1,3-diaza-Claisen
rearrangement on wider variety of the substrates.
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CHAPTER 4 : EXPERIMENTAL PROCEDURE

General Experimental
Reagents and solvents (DMF, DMSO, THF, DCM, and ACN) were of high analytical
grade and purchased from Sigma-Aldrich, Fisher Scientific, and Acros Organics.
Anhydrous Et3N was prepared by distillation over calcium hydride. 1H NMR spectra
were acquired on a Bruker 500 MHz, spectrometer or a Varian 500 MHz, spectrometer.
1

H chemical shifts are reported in reference to residual solvent signals; CDCl3 at δ 7.26

ppm. 13C NMR spectra were acquired on a Bruker 500 MHz spectrometer at 125 MHz.
HRMS data was collected on a Waters Xevo G2-XS QTOF spectrometer. All purification
was done by column chromatography with Sorbtech silica gel standard grade, 60Å, 4063um, unless otherwise noted.
Chapter 2: Experimental:

6-bromo-3-chlorohex-1-ene (2.36) To a flame dried round bottom flask charged with
dry THF (30 ml) and freshly distilled diisopropyl amine (3.29 ml, 22.12 mmol) was
added dropwise a solution of n-butyl lithium in THF (15.7 ml 18.43 mmol) at -78 oC.
The reaction was stirred at the temperature for 5 minutes. The mixture of allylchloride
(1.5 ml, 18.43 mmol) and 1,3-dibormopropne (2.82 ml, 27.64 mmol) dissolved in THF
(50 ml) was then slowly added via cannula at that temperature over the period of 10
minutes, and the reaction was stirred for 15 minutes at -78 oC. The rection was then
103

slowly warmed up to 0 oC and quenched by saturated NH4Cl. It was then allowed to
warm up to room temperature and extracted three times with hexanes (3 x 35 ml). The
combined organic was washed with water and brine, dried over MgSO4, and concentrated
via vacuo. The crude oil was purified to give the colorless oil in 65 % yield (2.4 g).
Spectra data match the reported literature values

1,3-diazidopropane (2.40) To a flame dried round bottom flask charged with dry
DMSO (240 ml) was added NaN3 (4.61 g, 70.84 mmol) as a solid. The suspension was
vigorously stirred at room temperature until the salt was dissolved completely. The 1,3dibromopropane (6.5 g, 32.2 mmol) was then added in one portion, and the mixture was
allowed to react for 16 hours at room temperature. The water (5 x 24 ml) was then added
slowly in five portions while allowing the mixture to cool to room temperature. The
mixture was then extracted three time with Et2O (3 x 70 ml). The combined organic was
washed with brine, dried over MgSO4, and carefully concentrated via vacuo without any
heat due to the explosive nature of the diazide. The crude material did not need further
purification and used in the subsequent step. 99 % yield. (4.00 g) Spectra data match the
reported literature values.

3-azidopropan-1-amine (2.41) To a round bottom flask charged with 2.40 (4.0 g, 32.1
mmol) dissolved 1:1 mixture of EtOAc (20 ml) and Et2O (20 ml) was added 5 % HCl in
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water (30 ml). The mixture was vigorously stirred for 5 minutes. The
triphenylphosphine (8.26 g, 31.5 mmol) dissolved in minimal volume of EtOAc (10 ml)
was then added via the addition funnel over the period of 20 minutes. The reaction was
then stirred for 16 hours at ambient environment. The organic layer was then removed
via vacuo, and the aqueous layer was washed twice with DCM (2 x 40 ml). The resulting
aqueous layer was then carefully basified to achieve pH 10, and extracted three times
with DCM (3 x 3 ml). The combined organic was dried over NaSO4, and concentrated
via vacuo to afford colorless liquid in 71 % yield (2.29g). The spectra data matched the
reported literature values.

1-(3-azidopropyl)-2-vinylpyrrolidine (2.35) To a flame dried round bottom flask
charged with 2.36 (300 mg, 1.52 mmol) and 2.40 (228 mg, 2.28 mmol) in dry ACN (4
ml) was added sodium carbonate (724 mg, 6.84 mmol). The sodium iodide (27 mg, 0.18
mmol) was added and the mixture was heated to reflux. The reaction was allowed to
react at that temperature for 2.5 hours. The reaction then cooled down to room
temperature and the solvent was removed via vacuo. The residue was then suspended in
water and extracted three times with diethyl ether (3 x 15 ml). The combined organic
was washed with brine, dried over MgSO4 and concentrated via vacuo. The crude yellow
oil was then purified to give the colorless oil in 88 % yield (243 mg). (35 % acetone in
hexanes) 1H NMR (500 MHz, CDCl3) δ 5.67 (ddd, J = 17.1, 10.1, 8.3 Hz, 1H), 5.17 –
5.05 (m, 2H), 3.32 (ddt, J = 19.3, 12.2, 6.5 Hz, 2H), 3.15 (td, J = 8.5, 2.9 Hz, 1H), 2.81
105

(dt, J = 12.2, 8.1 Hz, 1H), 2.67 (q, J = 8.2 Hz, 1H), 2.15 – 2.05 (m, 2H), 1.93 (dddd, J =
12.4, 9.5, 7.3, 5.0 Hz, 1H), 1.87 – 1.80 (m, 1H), 1.79 (s, 1H), 1.72 (ddd, J = 12.3, 6.2, 3.2
Hz, 1H), 1.64 – 1.59 (m, 1H), 1.59 – 1.55 (m, 1H). 13C NMR (126 MHz, CDCl3) δ
141.05, 116.46, 77.41, 77.16, 76.90, 69.25, 53.63, 51.18, 49.88, 31.71, 28.25, 22.32.

(S)-1-tert-butyl 2-methyl pyrrolidine-1,2-dicarboxylate (2.52S) To a round bottom
flask equipped with magnetic stir bar charged with methanol (62 ml) and L-proline (7 g,
60.7 mmol) was added TMSCl (15.4 ml, 121.4 mmol) at room temperature. The mixture
was stirred for 16 hours and the excess TMSCl and the solvent was removed via vacuo to
obtain the L-proline methyl ester hydrochloride as a viscous colorless oil. The crude
material was then suspended in DCM (100 ml) and added Boc anhydride (15.9 g, 74.84
mmol) at 0 oC. Et3N (26 ml, 188.2 mmol) was then added slowly to the vigorously
stirred solution at that temperature. The cloudy suspension was warmed up to room
temperature and allowed to react for 16 hours. The mixture was then diluted with water
and extracted twice with DCM (2 x 100 ml). The combined organic was washed with
water and brine, dried over Na2SO4, and concentrated via vacuo to obtain the crude
colorless liquid. The product was purified to give pure 2.52S in as colorless oil in 92 %
yield (12.8 g) (30 % EtOAc in hexanes). Spectra data match the reported literature
values.
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(S)-tert-butyl 2-(hydroxymethyl)pyrrolidine-1-carboxylate (2.53S) To a suspension
of LAH (2.26 g, 59.7 mmol) in dry THF (68 ml) charged in a flame dried round bottom
flask, was added the ester 2.52S (13.7 g, 59.7 mmol) in dry THF (68 ml) dropwise via
cannula at 0 oC. The reaction was stirred at that temperature for 1 hour, then typical
Fieser work up was performed. The crude material was purified to obtain the alcohol
2.52S as a colorless solid in 90 % yield (10.87 g) (45 % EtOAc in hexanes). Spectra data
match the reported literature values.

(S)-tert-butyl 2-formylpyrrolidine-1-carboxylate (2.54S) A flame dried round bottom
flask charged with dry DCM (25 ml) under protection of nitrogen gas was added DMSO
(7.05 ml, 99.2 mmol). The mixture was cooled down to -78 oC, and oxalyl chloride (4.25
ml, 49.6 mmol) was then added dropwise. The reaction was then stirred for 30 minutes at
that temperature. The alcohol 2.53S (5 g, 24.8 mmol) in dry DCM (34 ml) was then
cannulated dropwise to the mixture, and it was stirred for additional 30 minutes at -78 oC.
Et3N (21 ml, 149 mmol) was then slowly added, and the mixture was vigorously stirred
while slowly warmed up to 0 oC. Water (70 ml) was added to dissolve the salt, and the
mixture was extracted twice with DCM (2 x 75 ml). The combined organic was washed
twice with water and brine, dried over Na2SO4, and concentrated via vacuo. The crude
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material was purified with to afford pure aldehyde 2.54S as a yellow liquid in 99 % yield
(4.9 g) (20 % EtOAc in hexanes). Spectra data match the reported literature values.

(S)-tert-butyl 2-vinylpyrrolidine-1-carboxylate (2.55S) The suspension of potassium
tert-butoxide (2.93 g, 26.1 mmol) and methyltriphenylphosphonium bromide (9.32 g,
26.1 mmol) in dry THF (47 ml) was stirred at 40 oC for 30 minutes. The resulting yellow
suspension was then cooled to -10 oC and the solution of aldehyde 2.54S (4 g, 20.07
mmol) in dry THF (26 ml) was added dropwise. The reaction was warmed up to room
temperature and stirred for 16 hours. The solvent was removed via vacuo and saturated
NH4Cl(aq) was added. The suspension was extracted three times with EtOAc (3 x 50 ml).
Combined organics was then washed with brine, dried over MgSO4, and concentrated via
vacuo. The crude product was purified to give pure vinyl pyrrolidine 2.55S as a colorless
liquid in 85 % yield (3.36 g) (10 % EtOAc in hexanes). Spectra data match the reported
literature values.
Phthalmide Preparation:
To a flame dried round bottom flask charged with the N-Boc vinyl pyrrolidine 2.55S (1.0
g, 5.07 mmol) in DCM (15 ml) was added TFA (3.9 ml, 50.7 mmol) at room temperature.
The mixture was allowed to react for 1 hour, and the solvent and the excess TFA was
removed under reduced pressure to obtain vinyl pyrrolidinium trifluoro acetate as viscous
brown oil. The crude oil was then suspended in dry ACN (12 ml) and was added sodium
carbonate (1.88 g, 17.7 mmol) at room temperature. The suspension was stirred for 30
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minutes, and the corresponding bromo-alkyl-phthalmide 250x (6.08 mmol) were added at
room temperature. The mixture was heated to reflux and stirred until completion while
monitored by TLC. The solvent was removed under reduced pressure and enough water
was added to dissolve the salt. The mixture was then extracted three times with EtOAc
(3 x 20 ml ). The combined organic was washed with brine, dried over magnesium
sulfate, concentrated via vacuo, and purified to obtain corresponding pure phthalmide
tether amine.

(S)-2-(2-(2-vinylpyrrolidin-1-yl)ethyl)isoindoline-1,3-dione (2.56a) Colorless solid.
62 % yield (850 mg). (30 % EtOAc in hexanes with 0.3 % Et3N) 1H NMR (500 MHz,
CDCl3) δ 10.68 (s, 1H), 9.93 (s, 1H), 7.38 – 7.27 (m, 5H), 5.68 (dt, J = 16.5, 9.4 Hz, 1H),
5.22 – 5.11 (m, 2H), 4.86 (d, J = 5.4 Hz, 2H), 3.41 (d, J = 17.3 Hz, 1H), 3.19 (td, J = 8.6,
3.3 Hz, 1H), 2.95 (d, J = 17.5 Hz, 1H), 2.90 (t, J = 8.2 Hz, 1H), 2.35 (q, J = 8.7 Hz, 1H),
2.07 – 1.97 (m, 1H), 1.93 (dtd, J = 18.2, 8.1, 4.2 Hz, 1H), 1.83 (dddd, J = 12.6, 9.6, 6.4,
3.2 Hz, 1H), 1.76 – 1.64 (m, 1H). HRMS (ESI): Calculated for [C16H19N2O2]+: 271.1447.
Found: 271.1447
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(S)-2-(3-(2-vinylpyrrolidin-1-yl)propyl)isoindoline-1,3-dione (2.56b) Colorless oil.
90 % yield (1.3g). (35 % EtOAc in hexanes with 0.3 % Et3N) 1H NMR (500 MHz,
CDCl3) δ 7.81 (dd, J = 5.4, 3.0 Hz, 2H), 7.68 (dd, J = 5.5, 3.0 Hz, 2H), 5.63 (ddd, J =
17.1, 10.1, 8.3 Hz, 1H), 5.12 – 4.99 (m, 2H), 3.77 (ddd, J = 14.3, 8.1, 6.6 Hz, 1H), 3.65
(ddd, J = 14.0, 8.1, 6.6 Hz, 1H), 3.14 (td, J = 8.4, 3.1 Hz, 1H), 2.79 (dt, J = 12.1, 8.1 Hz,
1H), 2.60 (q, J = 8.2 Hz, 1H), 2.12 – 2.00 (m, 2H), 1.85 (dtt, J = 15.2, 7.9, 3.5 Hz, 3H),
1.68 (dddd, J = 15.4, 9.4, 7.3, 4.1 Hz, 2H), 1.50 (dddd, J = 12.4, 10.5, 8.7, 6.2 Hz, 1H).
C NMR (126 MHz, CDCl3) δ 168.49, 141.08, 133.89, 132.37, 123.20, 116.35, 77.41,

13

77.16, 76.90, 69.21, 53.41, 51.55, 36.71, 31.67, 27.59, 22.25. HRMS (ESI): Calculated
for [C17H21N2O2]+: 285.1603. Found: 285.1604

(S)-2-(4-(2-vinylpyrrolidin-1-yl)butyl)isoindoline-1,3-dione (2.56c) Colorless solid.
90 % yield (1,35g). (35 % EtOAc in hexanes with 0.3 % Et3N) 1H NMR (500 MHz,
CDCl3) δ 7.87 – 7.79 (m, 2H), 7.74 – 7.67 (m, 2H), 5.68 (ddd, J = 17.0, 10.0, 8.3 Hz,
1H), 5.16 – 5.03 (m, 2H), 3.76 – 3.63 (m, 2H), 3.21 – 3.14 (m, 1H), 2.77 (ddd, J = 11.9,
9.1, 7.1 Hz, 1H), 2.66 (q, J = 8.2 Hz, 1H), 2.11 – 2.02 (m, 2H), 1.92 (dddd, J = 12.3, 9.5,
7.3, 4.9 Hz, 1H), 1.85 – 1.70 (m, 2H), 1.70 – 1.62 (m, 1H), 1.62 – 1.47 (m, 2H). 13C
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NMR (126 MHz, CDCl3) δ 168.53, 140.83, 134.03, 133.96, 132.29, 123.34, 123.26,
116.63, 77.42, 77.36, 77.16, 76.91, 69.35, 53.70, 53.59, 37.99, 37.50, 31.59, 26.78, 26.09,
22.24. HRMS (ESI): Calculated for [C18H23N2O2]+: 299.1760. Found: 299.1762
Preparation of Amides

(S)-2-(2-vinylpyrrolidin-1-yl)acetamide (2.46S) Vinyl pyrrolidine 2.55S (550 mg, 2.76
mmol) was subjected to the standard Boc deprotection condition (first part of standard
phthalmide preparation) to obtain the vinyl pyrrolidinium trifluoroacetate. The crude oil
was then added dry acetonitrile (9.2 ml) and potassium carbonate (1.14 g, 8.25 mmol).
The suspension was stirred at room temperature for 30 minutes, and added 2-bromoacetamide (570 mg, 4.13 mmol) at room temperature. The mixture was allowed to react
for 16 h. The the solvent was then removed via vacuo and the residue was suspended in
water. The mixture was extracted three times with EtOAc (10 ml x 3). The combined
organic was washed with brine, dried over MgSO4 and concentrated via vacuo. Crude
solid was purified to afford the amide 2.46S as a colorless solid (326 mg, 77% yield)
(65% EtOAc in hexanes with 0.5% Et3N). 1H NMR (500 MHz, CDCl3) δ 6.95 (s, 1H),
6.07 (s, 1H), 5.62 (ddd, J = 17.1, 10.1, 8.4 Hz, 1H), 5.21 – 5.05 (m, 2H), 3.38 (d, J = 16.6
Hz, 1H), 3.17 (ddd, J = 9.2, 7.8, 3.4 Hz, 1H), 2.85 (q, J = 8.2 Hz, 1H), 2.77 (d, J = 16.6
Hz, 1H), 2.26 (q, J = 8.8 Hz, 1H), 1.96 (dddd, J = 12.4, 9.3, 7.2, 5.0 Hz, 1H), 1.87 – 1.70
(m, 2H), 1.58 (dddd, J = 12.5, 10.3, 8.7, 6.5 Hz, 1H).
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C NMR (126 MHz, CDCl3) δ

174.89, 139.82, 117.63, 77.41, 77.36, 77.16, 76.90, 68.50, 56.76, 54.86, 31.55, 22.65,
0.09. HRMS (ESI): Calculated for [C8H15N2O]+: 155.1184. Found: 155.1187

(S)-methyl 3-(2-vinylpyrrolidin-1-yl)propanoate (2.92S) Vinyl pyrrolidine 2.55S (600
mg, 3.04 mmol) was subjected to the standard Boc deprotection condition (first part of
standard phthalmide preparation) to give vinyl pyrrolidinium trifluoroacetate. The crude
oil was added dry DCM (10ml) and Et3N (0.51 ml, 3.65 mmol). The suspension was
stirred at room temperature for 30 minutes, and then added methyl acrylate (0.276 ml,
3.04 mmol). The mixture was heated to reflux, and allowed to react for 48 hours.
Saturated NaHCO3 was added and extracted three time with DCM (3 x 10 ml).
Combined organic was washed with brine, dried over Na2SO4, and concentrated under
reduced pressure. The crude oil was purified to afford colorless oil in 82 % yield (456
mg) (40 % EtOAc in hexanes with 0.3 % Et3N). 1H NMR (500 MHz, CDCl3) δ 5.66
(dddd, J = 17.1, 10.1, 8.3, 1.3 Hz, 1H), 5.18 – 5.05 (m, 2H), 3.70 – 3.62 (m, 3H), 3.16 –
3.10 (m, 1H), 3.10 – 3.03 (m, 1H), 2.70 (q, J = 8.2 Hz, 1H), 2.54 – 2.45 (m, 2H), 2.40 –
2.32 (m, 1H), 2.13 (qd, J = 8.7, 1.3 Hz, 1H), 1.92 (dddd, J = 12.4, 9.2, 5.8, 1.3 Hz, 1H),
1.86 – 1.65 (m, 2H), 1.63 – 1.52 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 173.16, 140.81,
116.64, 77.41, 77.36, 77.16, 76.90, 68.96, 53.53, 51.67, 49.38, 33.95, 31.73, 22.32.
HRMS (ESI): Calculated for [C10H18NO2]+: 184.1338. Found: 184.1338
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(S)-3-(2-vinylpyrrolidin-1-yl)propanamide (2.93S) The (S)-methyl 3-(2vinylpyrrolidin-1-yl)propanoate 2.92S (455 mg, 2.48 mmol) was dissolved in 20 ml of
methanol in a sealed flask. The mixture was then bubbled with ammonia gas for 0.5 h at
0 oC. The reaction was then sealed and stirred for 7 days at room temperature to obtain
the colorless solid. The crude material was washed with a minimal volume of hexanes to
remove the remaining starting material to obtain the pure desired amide as a colorless
solid in 85 % yield. 1H NMR (500 MHz, CDCl3) δ 8.08 (s, 1H), 5.65 (ddd, J = 17.1,
10.1, 8.5 Hz, 1H), 5.36 (d, J = 31.1 Hz, 1H), 5.21 – 5.08 (m, 2H), 3.21 (ddd, J = 11.4,
8.0, 3.5 Hz, 1H), 3.07 (td, J = 12.5, 11.6, 3.4 Hz, 1H), 2.74 (q, J = 8.2 Hz, 1H), 2.48 (ddd,
J = 15.1, 11.3, 4.1 Hz, 1H), 2.39 – 2.26 (m, 2H), 2.15 (q, J = 8.8 Hz, 1H), 2.04 – 1.93 (m,
1H), 1.88 – 1.74 (m, 2H), 1.67 – 1.56 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 175.41,
139.94, 117.60, 77.41, 77.36, 77.16, 76.90, 69.24, 52.72, 49.69, 34.23, 31.81, 22.34.
HRMS (ESI): Calculated for [C9H17N2O]+: 169.1341. Found: 169.1341
Preparation of Thiourea

(S)-N-(benzylcarbamothioyl)-2-(2-vinylpyrrolidin-1-yl)acetamide (2.89Sa) To a
flame dried round bottom flask was added sodium hydride (154 mg, 3.85 mmol, 60 % in
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mineral oil). The solid was washed with hexanes and was added dry THF (8 ml) at 0 oC.
To the suspension, solution of amide 2.46S (270 mg, 1.75 mmol) in dry THF (5 ml) was
slowely added at 0 oC. The cloudy ssolution was stirred for 10 minutes at 0 oC, and 30
minutes at room temperature. The mixture was then cooled to 0 oC, and
benzylisothiocyanate (0.232 ml, 1.75 mmol) was added in one portion. The reaction was
stirred at that temperature for 10 minutes, and allowed to warm up to room temperature
and stirred for additional 16 hours. The reaction was then carefully quenched with
saturated NH4Cl(aq) at 0 oC. The mixture was extracted three times with EtOAc (3 x 15
ml) . The combine organic was washed with water and brine, dried over MgSO4 was
concentrated via vacuo. The yellow crude residue was purified to obtain the colorless
solid in 73 % yield (382 mg). (20 %EtOAc in hexanes) 1H NMR (500 MHz, CDCl3) δ
10.68 (s, 1H), 9.93 (s, 1H), 7.38 – 7.27 (m, 5H), 5.68 (dt, J = 16.5, 9.4 Hz, 1H), 5.22 –
5.11 (m, 2H), 4.86 (d, J = 5.4 Hz, 2H), 3.41 (d, J = 17.3 Hz, 1H), 3.19 (td, J = 8.6, 3.3
Hz, 1H), 2.95 (d, J = 17.5 Hz, 1H), 2.90 (t, J = 8.2 Hz, 1H), 2.35 (q, J = 8.7 Hz, 1H), 2.07
– 1.97 (m, 1H), 1.93 (dtd, J = 18.2, 8.1, 4.2 Hz, 1H), 1.83 (dddd, J = 12.6, 9.6, 6.4, 3.2
Hz, 1H), 1.76 – 1.64 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 179.81, 172.51, 139.13,
136.40, 128.96, 128.01, 118.66, 77.42, 77.36, 77.16, 76.91, 69.11, 56.82, 54.98, 49.65,
31.54, 22.71. HRMS (ESI): Calculated for [C16H22N3OS]+: 304.1484. Found: 304.1484
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(S)-N-(benzylcarbamothioyl)-3-(2-vinylpyrrolidin-1-yl)propanamide (2.89Sb) The
same procedure for the preparation of 2.89Sa was used except from 2.93S (170 mg, 1.01
mmol) and dry DMF (5 ml) as the solvent. Amber oil. 44 % yield (135 mg) (gradient
2 % EtOAc to 10 % EtOAc in DCM). 1H NMR (500 MHz, CDCl3) δ 12.67 (s, 1H), 10.71
(s, 1H), 7.37 – 7.31 (m, 4H), 7.31 – 7.25 (m, 1H), 6.04 (ddd, J = 16.9, 10.2, 8.9 Hz, 1H),
5.23 – 5.15 (m, 2H), 4.92 – 4.79 (m, 2H), 3.32 – 3.25 (m, 1H), 3.13 (td, J = 12.4, 3.0 Hz,
1H), 2.84 (td, J = 8.5, 6.9 Hz, 1H), 2.54 (ddd, J = 16.5, 12.2, 4.0 Hz, 1H), 2.40 (dt, J =
12.7, 4.1 Hz, 1H), 2.32 (ddd, J = 17.1, 4.3, 3.0 Hz, 1H), 2.23 (q, J = 8.4 Hz, 1H), 2.08 –
1.93 (m, 2H), 1.90 – 1.77 (m, 2H).

13

C NMR (126 MHz, CDCl3) δ 180.66, 173.24,

139.67, 136.73, 128.87, 127.97, 127.83, 118.34, 77.41, 77.16, 76.90, 69.30, 52.12, 49.20,
48.00, 33.90, 31.68, 22.33. HRMS (ESI): Calculated for [C18H26N3OS]+: X. Found: X

Preparation of carbonthioimidates

dimethyl tosylcarbonimidodithioate (2.43) To a round bottom flask charged with ptoluenesulfonamide (5g, 29.2 mmol) in dry DMF (39 ml) was added CS2 (2.8 ml, 46.7
mmol) at room temperature. The mixture was cooled to 0 0C, and carefully added
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solution of KOH (3.88 g, 68.9 mmol) in water (11 ml) while ensuring the temperature to
not exceed 5 oC, and the reaction was allowed to react for 30 minutes at that temperature.
MeI (4.2 ml, 67.74 mmol) was then carefully added via syringe while keeping the
reaction temperature below 5 oC. The mixture was then allowed to warm up to room
temperature and reacted for additional 30 minutes. The enough water was added, and the
yellow precipitate was filtered off. The solid was then washed with EtOH until the
yellow color is washed off to obtain pure 2.43 as a white solid in 56 % (4.48 g). The
spectra date matched the reported literature values.

methyl tosylcarbonochloridoimidothioate (2.57) To a flame dried round bottom flask
charged with DCM (47 ml) and 2.43 (4.28 g, 15.5 mmol) was added sulfuryl chloride
(2.5 ml, 31.1 mmol) at room temperature. The reaction was heated to reflux, and allowed
to react for 3 hours. The reaction was then cooled down to room temperature, and the
solvent and excess sulfuryl chloride was removed via vacuo. The obtained yellow solid
was recrystallized from EtOAc and hexanes to afford pure 2.57 as a colorless solid in
65 % (2.67 g). The spectra data matched the reported literature values.
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dimethyl trifluoromethylsulfonylcarbonimidodithioate (2.81) Round bottom flask
charged with THF (50 ml) was added CS2 (6.6 ml, 110 mmol) at room temperature. The
mixture was cooled to 0 0C and bubbled with NH3 gas for 45 minutes. Excess NH3 was
then removed via stream of N2 gas, and the solvent was filtered to obtain the white
precipitate (10.9 g). The white precipitate (2.7 g, 24.5 mmol) was then suspended in
acetone (50 ml) and was added MeI (3.8 ml, 61.4 mmol) at room temperature, and
allowed to react for 24 hours. The solvent was then filtered with a aid of cold acetone to
obtain the ammonium iodide carbondithioimidinium iodide salt as a white solid (4.82 g,
12.2 mmol). The solid was then further treated with saturated NaHCO3, and extracted
twice with DCM (2 x 20 ml). The combined organic was dried over Na2SO4, and
concentrated via vacuo. The obtained colorless oil was then dissolved in dry DCM (10
ml) and was added Et3N (1.6 ml, 12.2 mmol) at room temperature. The mixture was
cooled down to – 78oC and added Tf2O (2.0 ml, 12.2 mmol) via syringe dropwise. The
mixture was then allowed to react for 1 hour at that temperature The reaction was then
warmed up to room temperature and was allowed to react for additional 16 hours.
Solvent was then removed via vacuo, and the residue was suspended in saturated
NaHCO3. The precipitate was filtered, dissolved in ether (10 ml), and dried over MgSO4.
The ether was then removed via vacuo to obtain 2.81 in 80 % yield (2.46 g). The spectra
data matched the literature value.
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tert-butyl bis(methylthio)methylenecarbamate (2.58) In a flame dried round bottom
flask, NaH (60 % in mineral oil, 2.13 g, 53.3 mmol) was washed with hexanes, and dry
THF was then added at 0 0C. The solution of tert butyl carbamate (2.5 g, 21.3 mmol) in
dry THF was then added dropwise, and the mixture was allowed to react for 10 minutes
at 0 oC, 45 minutes at room temperature. The mixture was then cooled down to 0 oC, and
CS2 (1.67 ml, 27.7 mmol) was then added dropwise. The mixture was allowed to warm
up to room temperature and stirred for 2 hours. The orange suspension was then cooled
back down to 0 0C, and was added MeI (3.0 ml, 46.9 mmol) via syringe. The reaction
was then warmed up to room temperature and allowed to react for 16 hours. The reaction
was then cooled down to 0 oC and saturated NH4Cl was slowly added to quench the
excess NaH. THF was then removed via vacuo and the yellow residue was suspended in
EtOAc (25 ml). The suspension was further diluted with water (20 ml), and extracted
three times with EtOAc (3 x 20 ml). The combined organic was washed with water and
brine, dried over MgSO4, and concentrated via vacuo. The crude yellow oil was purified
to obtain pure 2.58 as colorless liquid in 34 % yield (1.6 g) (10 % methyl t-butyl ether in
hexanes). The spectra data matched the reported literature values.
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Preparation of Isothiourea
To a round bottom flask equipped with a magnetic stir bar charged with solution of the
phthalmide tethered amine 2.56 (3.65 mmol) in 20 ml ethanol was added 1.14 ml of
hydrazine hydrate (30 % in water). The mixture was then heated to reflux and allowed to
react for 3 hours. It was then cooled down to room temperature, and the white precipitate
was filtered with an aid of methanol. The pH of the filtrate was adjusted to pH 3 or
below via 3 M HCl and concentrated under reduced pressure. Obtained slurry was
filtered and rinsed with minimal volume of water. The pH of the filtrate was adjusted to
pH 10 using 6 M NaOH, and was extracted twice with DCM (2 x 10 ml). The combined
organic was then dried over Na2SO4, and concentrated under reduced pressure to obtain
the primary amine as a colorless liquid. The amine was then placed in a dry round
bottom flask with 12 ml of dry DCM. Et3N (0.6 ml, 4.32 mmol) was added at room
temperature. Methyl tosylcarbonochloridoimidothioate (2.57) (938 mg, 4.32 mmol) was
then added as a solid in one portion at 0 oC, and the reaction was stirred at room
temperature until completion. The water was added and extracted twice with DCM (3 x
10 ml). The combined organic was washed with brine, dried over Na2SO4, and
concentrated under reduced pressure. The crude oil was then purified via silica gel
chromatography to obtain desired isothiourea.
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(S)-methyl N'-tosyl-N-(2-(2-vinylpyrrolidin-1-yl)ethyl)carbamimidothioate (2.34Sa)
From 2.56Sa (988 mg, 3.65 mmol). Colorless solid. 84 % yield (1.11g). (45 % EtOAc in
hexanes with 0.5 % Et3N) 1H NMR (500 MHz, CDCl3) δ 8.42 (s, 1H), 7.74 (d, J = 7.8
Hz, 2H), 5.69 (dt, J = 18.0, 9.3 Hz, 1H), 5.06 (dd, J = 21.2, 13.6 Hz, 2H), 3.31 – 3.11 (m,
2H), 3.04 (d, J = 8.8 Hz, 1H), 2.87 (td, J = 11.4, 6.1 Hz, 1H), 2.74 (q, J = 8.2 Hz, 1H),
2.32 (d, J = 18.4 Hz, 8H), 2.11 (q, J = 8.7 Hz, 1H), 1.89 (p, J = 7.3 Hz, 1H), 1.80 (d, J =
10.5 Hz, 1H), 1.70 (t, J = 8.3 Hz, 1H), 1.60 (d, J = 13.1 Hz, 2H), . 13C NMR (126 MHz,
CDCl3) δ 169.01, 142.58, 140.94, 140.01, 129.31, 126.50, 116.95, 77.41, 77.16, 76.91,
68.85, 53.02, 51.11, 42.59, 31.90, 22.62, 21.63, 14.36. HRMS (ESI): Calculated for
[C17H26N3O2S2]+: 368.1466. Found: 368.1459

(S)-methyl N'-trifluoromethylsulfonyl-N-(2-(2-vinylpyrrolidin-1yl)ethyl)carbamimidothioate (2.82) From 2.56Sa (230 mg, 0.7 mmol) with 2.81 (175
mg, 0.69 mmol) . Yellow solid. 90 % yield (182 mg) (30 % EtOAc in hexanes in 0.3 %
Et3N). 1H NMR (500 MHz, CDCl3) δ 9.75 - 7.81 (s, 1H), 5.69 (dt, J = 17.9, 9.3 Hz, 1H),
5.16 – 5.07 (m, 2H), 3.43 – 3.35 (m, 1H), 3.30 (td, J = 12.6, 11.6, 4.7 Hz, 1H), 3.09 (td, J
= 8.4, 3.2 Hz, 1H), 2.96 (ddd, J = 12.5, 10.3, 5.5 Hz, 1H), 2.83 (q, J = 8.1 Hz, 1H), 2.49
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(s, 3H), 2.42 (dt, J = 12.6, 4.2 Hz, 1H), 2.21 (q, J = 8.5 Hz, 1H), 1.96 (tq, J = 12.4, 7.1,
6.2 Hz, 1H), 1.92 – 1.80 (m, 1H), 1.77 (dddd, J = 12.4, 9.3, 6.3, 3.2 Hz, 1H), 1.69 – 1.58
(m, 1H). 13C NMR (126 MHz, CDCl3) δ 173.67, 140.64, 123.97, 121.43, 118.87, 117.16,
116.30, 77.41, 77.16, 76.91, 68.64, 52.82, 50.08, 42.91, 31.81, 22.62, 14.76. HRMS
(ESI): Calculated for [C11H19F3N3O2S2]+: X. Found: X

(S)-methyl N'-tosyl-N-(3-(2-vinylpyrrolidin-1-yl)propyl)carbamimidothioate
(2.34Sb) From 2.56Sb (620 mg, 2.209 mmol) and hydrazine hydrate (0.58 ml, 6.61
mmol) and 2.57 (414 mg, 1.57 mmol). Light yellow viscous oil. 80 % yield (518 mg).
(45 % EtOAc in hexanes with 0.5 % Et3N) 1H NMR (500 MHz, CDCl3) δ 8.78 (s, 1H),
7.80 (d, J = 7.9 Hz, 2H), 7.25 (d, J = 9.5 Hz, 2H), 5.76 (dt, J = 17.9, 9.3 Hz, 1H), 5.15 –
5.03 (m, 2H), 3.41 (dq, J = 12.2, 6.0 Hz, 1H), 3.30 (tt, J = 11.9, 4.8 Hz, 1H), 3.22 (td, J =
8.3, 2.6 Hz, 1H), 2.81 (ddd, J = 12.2, 9.6, 5.8 Hz, 1H), 2.66 (q, J = 7.9 Hz, 1H), 2.40 (s,
3H), 2.34 (s, 3H), 2.24 – 2.16 (m, 1H), 2.09 (q, J = 8.3 Hz, 1H), 1.92 (dh, J = 10.7, 7.2,
6.1 Hz, 2H), 1.75 (ttd, J = 16.2, 10.4, 9.8, 5.8 Hz, 4H). 13C NMR (126 MHz, CDCl3) δ
168.68, 142.46, 141.14, 140.38, 129.32, 126.30, 116.65, 77.42, 77.37, 77.16, 76.91,
69.78, 53.81, 52.47, 44.24, 31.66, 27.47, 22.34, 21.62, 14.35. HRMS (ESI): Calculated
for [C18H27N3O2S2]+: 382.1623. Found: 382.1624
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(S)-methyl N'-tosyl-N-(4-(2-vinylpyrrolidin-1-yl)butyl)carbamimidothioate (2.34Sc)
From 2.56Sc (765 mg, 2.56 mmol) and hydrazine hydrate (0.69 ml, 7.68 mmol) and 2.57
(564 mg, 2.14 mmol). Yellow solid. 65 % yield (847 mg). (50 % EtOAc in hexane with
0.5 % Et3N). 1H NMR (500 MHz, CDCl3) δ 8.18 (t, J = 5.4 Hz, 1H), 7.81 – 7.76 (m,
2H), 7.27 (d, J = 1.8 Hz, 2H), 5.67 (ddd, J = 17.1, 10.1, 8.3 Hz, 1H), 5.16 – 5.04 (m, 2H),
3.28 (q, J = 6.6 Hz, 2H), 3.14 (td, J = 8.5, 2.8 Hz, 1H), 2.72 (dt, J = 11.9, 8.0 Hz, 1H),
2.64 (q, J = 8.2 Hz, 1H), 2.41 (s, 3H), 2.36 (s, 3H), 2.11 – 1.98 (m, 2H), 1.93 (dddd, J =
12.4, 9.4, 7.4, 4.9 Hz, 1H), 1.87 – 1.78 (m, 1H), 1.74 (dddd, J = 12.2, 9.1, 6.1, 2.9 Hz,
1H), 1.68 (dd, J = 13.8, 7.0 Hz, 1H), 1.64 – 1.56 (m, 2H), 1.55 – 1.47 (m, 2H). 13C NMR
(126 MHz, CDCl3) δ 169.46, 142.72, 141.11, 140.00, 129.41, 126.29, 116.53, 77.42,
77.37, 77.16, 76.91, 69.31, 53.60, 53.44, 44.24, 31.66, 27.41, 25.80, 22.32, 21.63, 14.26,
0.12. HRMS (ESI): Calculated for [C19H30N3O2S2]+: X. Found: X

(S)-methyl N'-tosyl-N-(2-(2-vinylpyrrolidin-1-yl)acetyl)carbamimidothioate (2.96S)
To a flame dried round bottom flask charged with sodium hydride (177 mg, 4.44 mmol,
60 % in mineral oil, washed with hexanes) was added dry THF (17 ml) at 0 oC. The
solution of amide 2.46S (297 mg, 1.93 mmol) in dry THF (7.5 ml), was then added
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dropwise at 0 oC. The cloudy mixture was allowed to react for 10 minutes at 0 oC, and 30
minutes at room temperature. The mixture was then cooled to 0 oC, and tosylcarbondithioimidate 2.57 (535 mg, 2.03 mmol) was added as a solid in three portions.
The reaction was allowed to stir at that temperature for 10 minutes and 16 hours at room
temperature. The reaction was then cooled to 0 oC and carefully quenched with saturated
NH4Cl(aq). The mixture was then extracted three times with EtOAc (3 x 15 ml) and the
combine organic was washed with water and brine, dried over MgSO4 was concentrated
under reduced pressure. The crude yellow oil was purified to obtain 2.96S as a colorless
oil in 24 % yield (172 mg) (gradient from 1 % EtOAc to 5 % EtOAc in DCM). 1H NMR
(500 MHz, CDCl3) δ 12.33 (s, 1H), 7.87 – 7.78 (m, 2H), 7.31 (d, J = 8.1 Hz, 2H), 5.81
(ddd, J = 17.2, 10.0, 8.7 Hz, 1H), 5.22 – 5.12 (m, 2H), 3.51 (d, J = 17.6 Hz, 1H), 3.22 (td,
J = 8.6, 3.0 Hz, 1H), 3.07 (d, J = 17.6 Hz, 1H), 3.04 – 2.97 (m, 1H), 2.43 (s, 3H), 2.29 (s,
3H), 2.04 (tdd, J = 12.4, 9.3, 7.3 Hz, 2H), 1.88 – 1.75 (m, 2H). 13C NMR (126 MHz,
CDCl3) δ 171.41, 166.60, 143.64, 139.40, 138.53, 129.56, 126.61, 118.34, 77.41, 77.16,
76.90, 68.52, 56.13, 54.61, 31.54, 22.80, 21.62, 14.85. HRMS (ESI): Calculated for
[C17H24N3O3S2]+: X. Found: X

(S)-methyl N-benzyl-N'-(2-(2-vinylpyrrolidin-1-yl)acetyl)carbamimidothioate
(2.90Sa) To a flame dried round bottom flask, containing sodium hydride (63mg, 1.57
mmol, 60 % in mineral oil, washed with hexanes) was added dry DMF (3 ml) at 0 oC.
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The solution of the amide 2.89S (367 mg, 1.21 mmol) in dry DMF (3 ml), was then
added dropwise at 0 oC. The cloudy mixture was then stirred for 10 minutes at 0 oC, and
30 minutes at room temperature. The mixture was then stirred for 15 minutes at 0oC, and
MeI (79.1 µl, 1.27 mmol) was added at that temperature and stirred for additional 15
minutes. It was then brought up to the room temperature and stirred for additional 3
hours. The reaction was cooled to 0 oC and saturated NH4Cl(aq) was slowly added. The
mixture was then extracted three times with DCM (3 x 7 ml). The combine organic was
washed three times with water and three times with brine, dried over Na2SO4, and was
concentrated under reduced pressure. The crude material was purified to obtain 2.90Sa
in 70 % as a yellow solid (269 mg) (20 % EtOAc in hexanes). 1H NMR (500 MHz,
CDCl3) δ 11.19 (s, 1H), 7.37 – 7.23 (m, 6H), 5.79 – 5.70 (m, 1H), 5.19 – 5.04 (m, 2H),
4.53 – 4.45 (m, 2H), 3.69 (d, J = 17.2 Hz, 1H), 3.08 (d, J = 17.3 Hz, 1H), 2.92 (q, J = 8.2
Hz, 1H), 2.45 (s, 3H), 2.31 (q, J = 8.8 Hz, 1H), 1.91 (dddd, J = 26.7, 12.4, 10.1, 4.4 Hz,
2H), 1.74 (tdd, J = 11.9, 9.8, 5.4 Hz, 1H), 1.69 – 1.58 (m, 1H). 13C NMR (126 MHz,
CDCl3) δ 183.38, 172.83, 140.80, 136.21, 128.91, 127.96, 127.46, 116.83, 77.42, 77.16,
76.91, 68.20, 60.03, 53.90, 47.89, 31.43, 22.63, 13.94. HRMS (ESI): Calculated for
[C17H23N3OS]+: 318.1640. Found: 318.1642

(S)-methyl N-benzyl-N'-(3-(2-vinylpyrrolidin-1-yl)propanoyl)carbamimidothioate
(2.90Sb) The same procedure was followed for the preparation of 2.90Sa, except with
except from 2.89Sb (146 mg, 0.48 mmol) and MeI (34.2 µl, 0.55 mmol), and was reacted
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for 1 hour at room temperature. Pale amber oil. 32 % yield (50.9 mg) (30 % EtOAc in
hexanes with 0.3 % Et3N). 1H NMR (500 MHz, CDCl3) δ 11.13 (s, 1H), 7.31 – 7.18 (m,
5H), 5.62 (ddd, J = 17.1, 10.1, 8.3 Hz, 1H), 5.11 – 4.97 (m, 2H), 4.41 (s, 2H), 3.14 – 3.07
(m, 2H), 2.63 (q, J = 8.2 Hz, 1H), 2.54 (ddd, J = 8.0, 6.7, 2.2 Hz, 2H), 2.39 (s, 3H), 2.31
(ddd, J = 12.1, 8.3, 6.6 Hz, 1H), 2.07 (q, J = 8.8 Hz, 1H), 1.85 (dddd, J = 12.2, 9.5, 7.4,
4.9 Hz, 1H), 1.74 (dddd, J = 12.2, 10.8, 5.1, 2.9 Hz, 1H), 1.70 – 1.61 (m, 1H), 1.57 – 1.49
(m, 1H). 13C NMR (126 MHz, CDCl3) δ 107.85, 63.82, 59.09, 54.82, 51.78, 50.84, 50.37,
39.29, 0.26, 0.00, -0.25, -8.13, -23.68, -26.76, -29.30, -36.70, -45.52, -54.88, -63.18.
HRMS (ESI): Calculated for [C18H26N3OS]+: X. Found: X

(S)-tert-butyl methylthio(2-(2-vinylpyrrolidin-1-yl)ethylamino)methylenecarbamate
(2.59Sa) The general procedure was followed for the phthalmide deprotection as the
preparation except with 2.56Sa (645 mg, 2.38 mmol), and hydrazine hydrate (0.75 ml,
8.33 mmol). To the crude primary amine in round bottom flask was added DCM (3.5 ml)
as well as DCE (3.5ml) and 2.58 (526 mg, 2.38 mmol). The mixture was heated to 50 oC,
and allowed to react for 72 hours at that temperature. The solvent was evaporated via
vacuo, and the crude residue was purified to obtain the product in 52 % as light amber oil
(390 mg) (20% EtOAc in hexanes with 0.5 % Et3N). 1H NMR (500 MHz, C6D6) δ 10.17
(s, 1H), 5.79 (ddd, J = 17.8, 10.1, 8.2 Hz, 1H), 5.08 – 4.97 (m, 2H), 3.16 – 3.06 (m, 2H),
2.84 (td, J = 8.3, 3.1 Hz, 1H), 2.70 (ddd, J = 12.5, 9.2, 6.2 Hz, 1H), 2.48 (q, J = 8.0 Hz,
1H), 2.24 (s, 3H), 1.92 (dt, J = 12.4, 4.7 Hz, 1H), 1.78 (q, J = 8.4 Hz, 1H), 1.65 (dddd, J
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= 12.0, 9.4, 7.0, 4.8 Hz, 1H), 1.60 – 1.53 (m, 1H), 1.51 (s, 9H), 1.49 – 1.31 (m, 2H).

13

C

NMR (126 MHz, C6D6) δ 173.28, 163.51, 141.54, 128.35, 128.25, 128.16, 128.06,
127.97, 127.87, 116.26, 78.19, 68.81, 53.14, 52.13, 42.68, 32.09, 28.45, 22.71, 13.70.
HRMS (ESI): Calculated for [C15H28N3O2S]+: 314.1902. Found: 314.1902

(S)-tert-butyl methylthio(3-(2-vinylpyrrolidin-1yl)propylamino)methylenecarbamate (2.59Sb) The same procedure for the preparation
of 2.59Sa was followed except from 2.56Sb (433 mg, 1.52 mmol), hydrazine hydrate
(0.475 ml, 5.32 mmol), and 2.58 (402 mg, 1.82 mmol). Amber oil. 83 % yield (371 mg)
(35% EtOAc in hexanes with 0.5 % Et3N). 1H NMR (500 MHz, C6D6) δ 10.28 (s, 1H),
5.76 (dt, J = 17.8, 8.8 Hz, 1H), 5.08 – 4.99 (m, 2H), 3.16 (s, 1H), 3.13 – 3.04 (m, 1H),
2.96 (d, J = 4.5 Hz, 1H), 2.95 (d, J = 4.6 Hz, 1H), 2.62 (ddd, J = 12.3, 10.3, 5.3 Hz, 1H),
2.45 (q, J = 8.1 Hz, 1H), 2.23 (s, 3H), 1.87 (dt, J = 12.3, 4.8 Hz, 1H), 1.77 (dd, J = 7.1,
3.9 Hz, 2H), 1.74 – 1.70 (m, 1H), 1.69 – 1.61 (m, J = 4.2, 3.1 Hz, 1H), 1.52 (s, 9H), 1.44
(dddd, J = 21.1, 12.9, 6.0, 4.4 Hz, 1H), 1.35 – 1.26 (m, 1H). 13C NMR (126 MHz, C6D6)
δ 172.52, 162.64, 141.78, 128.35, 128.25, 128.16, 128.06, 127.97, 127.87, 116.14, 78.01,
69.53, 53.44, 51.98, 43.14, 32.04, 28.50, 27.87, 22.54, 13.67. HRMS (ESI): Calculated
for [C16H30N3O2S]+: 328.2059. Found: 328.2060
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(S)-tert-butyl methylthio(4-(2-vinylpyrrolidin-1-yl)butylamino)methylenecarbamate
(2.59Sc) From 2.56Sc (590 mg, 1.98 mmol) and hydrazine hydrate (0.621 ml, 6.94
mmol), and 2.58 (437 mg, 1.98 mmol). Dark amber oil. 71 % yield (479 mg) (30 %
EtOAc in hexanes with 0.3 % Et3N). 1H NMR (500 MHz, C6D6) δ 10.04 (s, 1H), 5.73 –
5.64 (m, 1H), 5.11 – 4.98 (m, 2H), 3.00 – 2.92 (m, 3H), 2.57 (dq, J = 11.7, 7.4 Hz, 1H),
2.49 (q, J = 8.0 Hz, 1H), 2.22 (s, 3H), 1.88 – 1.79 (m, 2H), 1.78 – 1.71 (m, 1H), 1.68 –
1.59 (m, 1H), 1.51 (s, 9H), 1.50 – 1.47 (m, 1H), 1.45 (ddd, J = 11.5, 5.7, 2.6 Hz, 1H),
1.39 – 1.32 (m, 1H), 1.31 (dd, J = 7.1, 4.4 Hz, 1H), 1.29 – 1.18 (m, 2H). 13C NMR (126
MHz, C6D6) δ 172.69, 163.08, 142.05, 128.25, 128.06, 127.87, 115.79, 78.30, 69.27,
53.40, 53.38, 43.68, 32.14, 28.47, 27.39, 26.04, 22.67, 13.59. HRMS (ESI): Calculated
for [C17H32N3O2S]+: 342.2215. Found: 342.2217

Desulfurization of Isothiourea:
To a flame dried round bottom flask was added corresponding isothiourea (0.137 mmol)
and dissolved in dry DCM (7 ml). Et3N (21 ül, 0.151 mmol), followed by AgOTf (52.8
mg, 1.5 mmol) was then added at the room temperature, and the mixture was stirred in
dark until completion while monitored by TLC plates. The mixutre was then separated in
qual portion into two test tubes and centrifuged for 2 minutes. The supertenant was
fitered over celite, washed twice with saturated NaHCO3, dried over Na2SO4, and
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cocentratedvia vacuo to obtain the corresponding zwitterionic intermediate as a white
parcipitate.

(Z)-11-tosyl-3,5,6,7,10,11-hexahydro-2H-imidazo[1,2-a][1,3]diazonine (2.60a) The
white precipitate from the desulfurization of 2.34Sa (50.4 mg, 0.137 mmol) was purified
over silica gel chromatography with 100 % acetone. The white solid was then suspended
in benzene (8 ml) and was added AgOTf (35 mg, 0.137 mmol). The mixture was heated
to 50 oC and stirred until completion. The solvent was then removed under reduced
pressure and the solid was purified to obtain the colorless solid in 92 % yield (40.6 mg).
(10 % MeOH in DCM). 1H NMR (500 MHz, CDCl3 at 50 oC) δ 7.96 – 7.91 (m, 2H),
7.28 (d, J = 8.1 Hz, 2H), 5.89 (dt, J = 10.7, 7.4 Hz, 1H), 5.76 (dt, J = 10.6, 8.7 Hz, 1H),
3.89 - 311 (m, 8H), 2.40 (s, 3H), 2.16 (dt, J = 8.4, 5.9 Hz, 2H), 1.62 (s, 2H). 13C NMR
(126 MHz, CDCl3) δ 159.63, 143.93, 135.86, 135.68, 129.48, 128.88, 126.40, 77.41,
77.36, 77.16, 76.91, 51.16, 48.57, 45.89, 44.21, 26.64, 24.71, 21.67. HRMS (ESI):
Calculated for [C16H22N3O2S]+: X. Found: X

9-tosyl-8-vinyl-3,5,6,7,8,9-hexahydro-2H-imidazo[1,2-a][1,3]diazepine (2.80) From
2.34Sa (49.8 mg, 0.135 mmol). The same procedure for 2.60a except the addition of
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AgOTf. Colorless solid. 64 % yield (27.7 mg) (10 % MeOH in DCM)

1

H NMR (500

MHz, CDCl3) δ 8.03 – 7.97 (m, 2H), 7.27 (s, 1H), 7.25 (s, 1H), 5.73 (ddd, J = 17.1, 10.6,
6.2 Hz, 1H), 5.03 – 4.92 (m, 2H), 4.78 (dtd, J = 6.3, 4.0, 1.9 Hz, 1H), 3.82 (ddd, J = 13.4,
11.1, 6.7 Hz, 1H), 3.68 (dt, J = 13.4, 9.7 Hz, 1H), 3.58 (ddd, J = 10.1, 8.1, 6.6 Hz, 1H),
3.39 – 3.27 (m, 2H), 3.06 – 2.97 (m, 1H), 2.39 (s, 3H), 2.10 – 1.92 (m, 2H), 1.83 – 1.64
(m, 2H). 13C NMR (126 MHz, CDCl3) δ 157.99, 143.66, 137.45, 134.18, 129.31, 128.52,
118.02, 77.41, 77.36, 77.16, 76.90, 59.21, 53.00, 52.00, 47.23, 33.88, 23.24, 21.72.
HRMS (ESI): Calculated for [C16H22N3O2S]+: 320.1433. Found: 320.1433

(Z)-12-tosyl-2,3,4,6,7,8,11,12-octahydropyrimido[1,2-a][1,3]diazonine (2.60b) The
same condition for the desulfurization was followed except from 2.34Sb (100 mg, 0.253
mmol) with AgOTf (162 mg, 0.633 mmol) and that the reaction was stirred 16 hours at
room temperature. Colorless solid. 90 % yield (76 mg). ( (90 % EtOAc in hexanes with
0.5 % NEt3). 1H NMR (500 MHz, C6D6) δ 8.20 – 8.15 (m, 2H), 6.87 (d, J = 8.0 Hz, 2H),
5.78 (dt, J = 14.0, 6.6 Hz, 1H), 5.51 (dt, J = 10.7, 8.8 Hz, 1H), 4.37 (ddd, J = 15.2, 13.2,
2.3 Hz, 1H), 3.97 (dd, J = 13.5, 5.6 Hz, 1H), 3.55 (dd, J = 13.5, 7.9 Hz, 1H), 3.34 (ddt, J
= 12.8, 4.4, 3.0 Hz, 1H), 3.25 (dddd, J = 15.2, 6.5, 4.6, 1.4 Hz, 1H), 2.71 – 2.59 (m, 2H),
2.46 (dt, J = 14.9, 3.1 Hz, 1H), 2.10 – 2.00 (m, 1H), 1.90 (s, 3H), 1.88 – 1.77 (m, 1H),
1.44 (dtt, J = 13.2, 6.5, 4.7 Hz, 1H), 1.33 – 1.21 (m, 2H), 0.97 (ddq, J = 13.2, 10.5, 2.5
Hz, 1H). 13C NMR (126 MHz, C6D6) δ 150.14, 142.89, 137.40, 135.78, 129.65, 129.07,
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128.35, 128.25, 128.06, 127.87, 50.05, 46.30, 45.65, 45.29, 28.44, 26.41, 21.77, 21.19.
HRMS (ESI): Calculated for [C17H24N3O2S]+: X. Found: X

(Z)-4-methyl-N-(1-oxo-1,5,6,7,10,10a-hexahydroimidazo[1,5-a]azocin-3yl)benzenesulfonamide (2.97) From 2.96S (49.1 mg, 0.129 mmol). The desulfurization
condition was maintained for 24 hours. Product was purified with 60% EtOAc in
hexanes to afford 2.97 as colorless solid in 89% yield (38.4 mg). 1H NMR (500 MHz,
CDCl3) δ 9.64 (s, 1H), 7.78 – 7.73 (m, 2H), 7.27 (d, J = 7.8 Hz, 2H), 5.83 (dt, J = 10.5,
8.3 Hz, 1H), 5.58 (td, J = 9.7, 7.0 Hz, 1H), 3.99 (ddd, J = 14.4, 3.9, 2.7 Hz, 1H), 3.93 (t, J
= 5.2 Hz, 1H), 2.92 (ddd, J = 14.4, 12.5, 3.1 Hz, 1H), 2.78 – 2.49 (m, 2H), 2.41 (s, 3H),
2.22 – 2.02 (m, 2H), 1.94 (dddd, J = 18.2, 9.0, 7.4, 3.7 Hz, 1H), 1.53 (ddq, J = 14.6, 8.9,
3.1 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 171.45, 153.29, 143.01, 139.78, 135.69,
129.53, 126.20, 122.71, 77.41, 77.16, 76.91, 62.57, 44.64, 28.03, 26.41, 24.96, 21.64.
HRMS (ESI): Calculated for [C16H20N3O3S]+: 334.1235. Found: 334.1237

(Z)-11-(tert-butoxycarbonyl)-3,5,6,7,10,11-hexahydro-2H-imidazo[1,2a][1,3]diazonin-1-ium (2.85a) From 2.59Sa (54 mg, 0.172 mmol). It was allowed to
react for 16 hours at DCM at reflux in desulfurization condition. No saturated NaHCO3
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wash was used after centrifugation. Colorless solid. 70 % yield (50 mg). (Gradient 1 %
MeOH to 10 % MeOH in DCM). 1H NMR (500 MHz, cdcl3) δ 6.42 (s, 1H), 6.01 (dt, J =
10.3, 7.5 Hz, 1H), 5.74 (dt, J = 10.3, 8.7 Hz, 1H), 3.91 (t, J = 10.4 Hz, 4H), 3.72 (t, J =
10.4 Hz, 2H), 3.20 (t, J = 5.5 Hz, 2H), 2.12 (dt, J = 8.4, 5.9 Hz, 2H), 1.69 (s, 2H), 1.46
(d, J = 1.4 Hz, 9H). HRMS (ESI): Calculated for [C15H25F3N3O5S]+: x. Found: x

(Z)-11-benzyl-3,5,6,7,10,11-hexahydro-2H-imidazo[1,2-a][1,3]diazonin-2-one (2.95a)
From 2.90Sa (46 mg, 0.145 mmol) and DCM at reflux for 1 hour and without any
NaHCO3 wash. The crude dark residue was suspended in benzene and heated to 50 oC
and allowed to react for 16 hours. Colorless solid. 99 % yield (39 mg). (Gradient 1 %
MeOH to 10 % MeOH in DCM). 1H NMR (500 MHz, CDCl3 at 55 oC) δ 7.46 – 7.25 (m,
5H), 5.91 – 5.81 (m, 1H), 5.38 (ddt, J = 11.4, 7.1, 3.6 Hz, 1H), 4.75 (s, 2H), 3.95 (d, J =
2.1 Hz, 4H), 3.63 – 3.53 (m, 4H), 2.28 (q, J = 7.0 Hz, 2H), 1.68 (p, J = 5.4 Hz, 2H). 13C
NMR (126 MHz, CDCl3 at 55 oC) δ 185.20, 176.09, 136.53, 131.99, 129.11, 128.78,
128.12, 124.77, 77.42, 77.16, 76.91, 59.15, 56.09, 48.08, 47.75, 26.55, 23.13. HRMS
(ESI): Calculated for [C16H20N3O]+: X. Found: X
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(Z)-12-(tert-butoxycarbonyl)-2,3,4,6,7,8,11,12-octahydropyrimido[1,2a][1,3]diazonin-1-ium (2.85b) From 2.59Sb (66 mg, 0.201 mmol) and the reaction was
allowed to react for 16 hours. Colorless solid. 78 % yield (68 mg). (Gradient 1 % MeOH
to 10 % MeOH in DCM). 1H NMR (500 MHz, cdcl3) δ 9.57 (s, 1H), 6.00 (s, 1H), 5.86 –
5.77 (m, 1H), 5.29 (s, 1H), 4.24 (dd, J = 14.8, 6.8 Hz, 1H), 3.79 – 3.65 (m, 1H), 3.65 –
3.61 (m, 1H), 3.60 (td, J = 5.7, 1.4 Hz, 1H), 3.59 – 3.53 (m, 1H), 3.53 – 3.44 (m, 1H),
3.19 (dt, J = 14.3, 3.0 Hz, 1H), 2.18 (dtt, J = 8.7, 6.3, 3.1 Hz, 1H), 2.10 (s, 3H), 2.06 –
1.97 (m, 1H), 1.60 (ddq, J = 15.6, 12.8, 2.9 Hz, 1H), 1.47 (s, 9H). 13C NMR (126 MHz,
CDCl3) δ 154.73, 135.22, 121.93, 119.39, 83.83, 77.41, 77.36, 77.16, 76.90, 50.14, 46.11,
44.60, 40.15, 28.12, 26.56, 26.06, 23.84, 18.87. HRMS (ESI): Calculated for
[C16H27F3N3O5S]+: X. Found: X

(Z)-12-benzyl-3,4,7,8,11,12-hexahydropyrimido[1,2-a][1,3]diazonin-2(6H)-one
(2.95b) From 2.90Sb (50 mg, 0.15 mmol) and the reaction was stirred for 16 hours.
Colorless oil. 92 % yield (39 mg) (Gradient 1 % MeOH to 10 % MeOH in DCM). NMR
taken at 45 oC; 1H NMR (500 MHz, CDCl3) δ 7.37 – 7.24 (m, 5H), 5.65 (dt, J = 10.4, 8.3
Hz, 1H), 5.34 (dt, J = 10.4, 8.3 Hz, 1H), 5.29 (s, 1H), 4.70 (s, 2H), 3.81 (s, 2H), 3.36 (t, J
132

= 5.5 Hz, 2H), 3.28 (t, J = 6.7 Hz, 2H), 2.50 (t, J = 6.7 Hz, 2H), 2.37 (s, 2H), 1.60 (s,
3H). 13C NMR (126 MHz, CDCl3) δ 179.45, 137.88, 131.97, 129.28, 128.72, 127.77,
127.37, 127.33, 77.41, 77.36, 77.16, 76.91, 54.75, 50.65, 47.97, 44.47, 29.54, 23.97,
22.39. HRMS (ESI): Calculated for [C16H20N3O]+: X. Found: X

(S)-4-methyl-N-((4-methylphenylsulfonamido)(4-(2-vinylpyrrolidin-1yl)butylamino)methylene)benzenesulfonamide (2.66) From 2.34Sc (58 mg, 0.147
mmol). Colorless oil. 63 % yield (24.1 mg) (Gradient 1 % MeOH to 10 % MeOH in
DCM with 0.1 % NH4OH(aq)). 1H NMR (500 MHz, CDCl3) δ 7.68 (d, J = 7.9 Hz, 2H),
7.23 (d, J = 7.9 Hz, 2H), 7.07 (d, J = 4.7 Hz, 2H), 7.06 (d, J = 2.4 Hz, 1H), 6.97 (d, J =
7.8 Hz, 2H), 5.95 (dt, J = 18.2, 9.6 Hz, 1H), 5.48 – 5.40 (m, 2H), 3.71 (s, 2H), 3.42 (dd, J
= 11.7, 5.5 Hz, 1H), 3.28 (t, J = 7.3 Hz, 1H), 3.31 – 3.19 (m, 1H), 3.15 (dt, J = 11.0, 6.8
Hz, 1H), 2.35 (s, 3H), 2.33 (s, 3H), 2.24 – 2.03 (m, 3H), 2.01 – 1.93 (m, 1H), 1.93 – 1.74
(m, 2H), 1.57 (ddq, J = 38.8, 13.6, 6.8 Hz, 2H), 1.36 (t, J = 7.3 Hz, 1H). 13C NMR (126
MHz, CDCl3) δ 179.24, 157.85, 141.53, 141.00, 140.73, 128.71, 126.88, 125.87, 122.42,
77.29, 77.23, 77.04, 77.03, 76.78, 53.43, 52.73, 46.22, 40.11, 30.25, 27.48, 22.42, 21.64,
21.42, 8.74. HRMS (ESI): Calculated for [C25H35N4O4S2]+: X. Found: X
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Chapter 3: Experimental:

(S)-tert-butyl 2-(hydroxymethyl)piperidine-1-carboxylate (3.11) Following procedure
was adopted from a literature method. To a stirred solution of (S)-N-boc-pipercolinic
acid (3.0 g, 13.1 mmol) in dry THF (33 ml) was added solution of BH3DMS complex in
THF (2.17 ml, 22.93 mmol) at 0 oC. The reaction was allowed to warm up to the room
temperature and stirred for 16 hours. The resulting slurry poured onto a pad of celite, and
the filtrate was concentrated under the reduced pressure. The residue was then fully
dissolved in water and was extracted three times with EtOAc (3x 50 mL). The combined
organic was washed with water and brine, dried over MgSO4, and concentrated under the
reduced pressure to obtain colorless solid in 95 % yield (2.67 g). Spectral data match the
reported literature values83.

(S)-tert-butyl 2-formylpiperidine-1-carboxylate (3.12) The same procedure for the
preparation 2.54S was followed except from 3.11 (2.67 g, 12.4 mmol). Yellow oil. 93 %
yield (2.47 g) (15 % EtOAc in hexanes). Spectral data match the reported literature
values.
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(S)-tert-butyl 2-vinylpiperidine-1-carboxylate (3.13) The same procedure for the
preparation 2.55S was followed except from 3.12 (2.47 g, 11.5 mmol). Colorless oil.
87 % yield (2.12 g) (10 % EtOAc in hexanes). Spectral data match the reported literature
values

(S)-2-(2-(2-vinylpiperidin-1-yl)ethyl)isoindoline-1,3-dione (3.14a) The same
procedure for the preparation 2.56Sa was followed except from 3.13 (650 mg, 3.08
mmol). Colorless solid.65 % yield (566mg) (8 % EtOAc in hexanes with 0.3 % Et3N).
1

H NMR (500 MHz, CDCl3) δ 7.85 (dd, J = 5.4, 3.0 Hz, 2H), 7.76 – 7.68 (m, 2H), 5.65

(ddd, J = 17.2, 10.2, 8.6 Hz, 1H), 5.16 – 5.03 (m, 2H), 3.85 (dt, J = 13.4, 7.6 Hz, 1H),
3.73 (ddd, J = 13.5, 7.9, 4.4 Hz, 1H), 3.15 – 3.03 (m, 2H), 2.69 (td, J = 9.2, 3.0 Hz, 1H),
2.42 – 2.34 (m, 1H), 2.18 (td, J = 11.2, 2.8 Hz, 1H), 1.71 – 1.60 (m, 1H), 1.59 – 1.45 (m,
1H), 1.32 (dtt, J = 23.4, 11.9, 3.5 Hz, 2H).

13

C NMR (126 MHz, CDCl3) δ 168.30,

141.36, 133.77, 132.27, 123.11, 115.89, 77.28, 77.02, 76.77, 66.12, 52.38, 52.29, 35.43,
33.56, 25.90, 23.68. HRMS (ESI): Calculated for [C17H21N2O2]+: X. Found: X
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(S)-2-(3-(2-vinylpiperidin-1-yl)propyl)isoindoline-1,3-dione (3.14b) The same
procedure for the preparation 2.56Sb was followed except from 3.13 (650 mg, 3.08
mmol). Colorless solid. 80 % yield (735 mg) (25 % EtOAc in hexanes with 0.3 % Et3N).
1

H NMR (500 MHz, CDCl3) δ 7.83 (dt, J = 7.8, 3.8 Hz, 2H), 7.70 (dq, J = 6.7, 3.7, 3.2

Hz, 2H), 5.78 – 5.67 (m, 1H), 5.12 – 4.93 (m, 2H), 3.73 (dt, J = 14.4, 7.3 Hz, 1H), 3.62
(dt, J = 14.1, 7.3 Hz, 1H), 2.92 (dt, J = 11.6, 3.7 Hz, 1H), 2.79 (dt, J = 13.0, 8.1 Hz, 1H),
2.56 (td, J = 9.3, 3.3 Hz, 1H), 2.21 (ddd, J = 13.1, 8.0, 5.3 Hz, 1H), 1.97 (td, J = 11.4, 2.9
Hz, 1H), 1.83 (pd, J = 7.1, 3.7 Hz, 2H), 1.64 (dp, J = 12.2, 3.8 Hz, 1H), 1.60 – 1.49 (m,
2H), 1.44 (ddt, J = 12.7, 7.8, 3.9 Hz, 1H), 1.34 (dtd, J = 12.9, 9.7, 9.3, 4.8 Hz, 1H), 1.24
(qt, J = 11.9, 3.6 Hz, 1H).13C NMR (126 MHz, CDCl3) δ 168.52, 141.86, 133.92, 132.40,
123.22, 115.55, 66.61, 52.82, 52.01, 36.76, 33.63, 26.03, 24.87, 23.86. HRMS (ESI):
Calculated for [[C17H21N2O2]+: X. Found: X

(S)-2-(2-vinylpiperidin-1-yl)acetamide (3.20) The same procedure for the preparation
2.46S was followed except from 3.13 (600 mg, 2.84 mmol). Colorless solid.88 % yield
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(422 mg) (65 % EtOAc in hexanes with 0.5 % Et3N). 1H NMR (500 MHz, cdcl3) δ 7.13
(s, 1H), 5.80 (s, 1H), 5.66 (ddd, J = 17.2, 10.2, 8.6 Hz, 1H), 5.22 – 5.12 (m, 1H), 5.09
(dd, J = 10.2, 1.6 Hz, 1H), 3.43 (d, J = 16.9 Hz, 1H), 2.89 (dtd, J = 11.5, 3.7, 1.3 Hz, 1H),
2.73 – 2.66 (m, 1H), 2.63 (d, J = 16.9 Hz, 1H), 2.15 (td, J = 11.6, 2.8 Hz, 1H), 1.76 –
1.58 (m, 3H), 1.51 (dtt, J = 12.9, 11.5, 3.8 Hz, 1H), 1.45 – 1.22 (m, 2H). 13C NMR (126
MHz, CDCl3) δ 175.03, 140.60, 117.45, 66.52, 58.75, 54.49, 33.51, 26.28, 23.65. HRMS
(ESI): Calculated for [C9H17N2O]+: X. Found: X

(S)-methyl 3-(2-vinylpiperidin-1-yl)propanoate (3.22) The same procedure for the
preparation 2.92S was followed except from 3.13 (600 mg, 2.89 mmol). Colorless
oil.77 % yield (435 mg) (20 % EtOAc in hexanes with 0.3 % Et3N). 1H NMR (500 MHz,
CDCl3) δ 5.74 (ddd, J = 17.2, 10.2, 8.7 Hz, 1H), 5.17 – 5.09 (m, 1H), 5.04 (dd, J = 10.2,
1.8 Hz, 1H), 3.65 (s, 3H), 3.05 (ddd, J = 12.9, 8.4, 7.1 Hz, 1H), 2.88 (dtd, J = 11.4, 3.8,
1.4 Hz, 1H), 2.61 (ddd, J = 10.1, 8.7, 3.1 Hz, 1H), 2.57 – 2.48 (m, 1H), 2.48 – 2.38 (m,
2H), 2.06 (td, J = 11.5, 2.9 Hz, 1H), 1.68 (dqd, J = 11.3, 3.7, 1.2 Hz, 1H), 1.64 – 1.44 (m,
3H), 1.39 (tdd, J = 12.8, 10.2, 3.8 Hz, 1H), 1.26 (qt, J = 12.3, 3.9 Hz, 1H). 13C NMR (126
MHz, CDCl3) δ 173.45, 141.68, 115.81, 115.78, 66.24, 52.17, 51.65, 51.63, 50.68, 33.70,
31.28, 26.03, 23.91. HRMS (ESI): Calculated for [C11H20NO2]+: X. Found: X
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(S)-3-(2-vinylpiperidin-1-yl)propanamide (3.23) The same procedure for the
preparation 2.93S was followed except from 3.22 (413 mg, 2.09 mmol). Colorless solid.
98 % yield (350 mg). 1H NMR (500 MHz, CDCl3) δ 8.21 (s, 1H), 5.75 (ddd, J = 17.1,
10.2, 8.8 Hz, 1H), 5.32 (s, 1H), 5.19 – 5.07 (m, 2H), 3.15 – 3.07 (m, 1H), 3.06 – 3.00 (m,
1H), 2.67 (td, J = 9.2, 3.1 Hz, 1H), 2.55 – 2.45 (m, 1H), 2.28 – 2.23 (m, 1H), 2.23 – 2.20
(m, 1H), 1.98 (td, J = 11.3, 2.7 Hz, 1H), 1.76 – 1.62 (m, 3H), 1.56 – 1.33 (m, 3H).13C
NMR (126 MHz, CDCl3) δ 175.48, 140.48, 116.85, 67.00, 50.98, 50.86, 33.71, 32.28,
26.06, 23.54. HRMS (ESI): Calculated for [C10H19N2O]+: X. Found: X

(S)-N-(benzylcarbamothioyl)-2-(2-vinylpiperidin-1-yl)acetamide (3.21S) The same
procedure for the preparation 2.89Sa was followed except from 3.20 (401 mg, 2.38
mmol). Yellow viscous oil. 71 % yield (362 mg) (15 % EtOAc in hexanes). 1H NMR
(500 MHz, CDCl3) δ 10.66 (s, 1H), 10.14 (s, 1H), 7.40 – 7.28 (m, 5H), 5.69 (dt, J = 17.6,
9.5 Hz, 1H), 5.22 – 5.11 (m, 2H), 4.86 (d, J = 5.3 Hz, 2H), 3.47 (dd, J = 17.5, 1.4 Hz,
1H), 2.85 (dt, J = 11.5, 3.8 Hz, 1H), 2.79 – 2.70 (m, 2H), 2.25 (td, J = 10.9, 4.8 Hz, 1H),
1.77 (dt, J = 13.0, 3.8 Hz, 1H), 1.71 – 1.63 (m, 3H), 1.59 – 1.47 (m, 1H), 1.37 – 1.30 (m,
1H). 13C NMR (126 MHz, CDCl3) δ 179.83, 172.71, 139.73, 136.43, 128.96, 128.02,
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128.00, 118.49, 77.41, 77.36, 77.16, 76.91, 66.69, 58.79, 54.78, 49.64, 33.07, 26.14,
23.42. HRMS (ESI): Calculated for [C17H24N3OS]+: X. Found: X

(S)-N-(benzylcarbamothioyl)-3-(2-vinylpiperidin-1-yl)propanamide (3.21b)
The same procedure for the preparation 2.89Sb was followed except from 3.23 (200 mg,
1.10 mmol) and the benzyl isothiocyanate (146µl, 1.10 mmol) was added at – 30 oC and
the reaction mixture was allowed to warm up to room temperature very slowly. Dark
amber viscous oil. 31 % (107 mg). 1H NMR (500 MHz, CDCl3) δ 12.84 (s, 1H), 10.71 (t,
J = 5.4 Hz, 1H), 7.44 – 7.28 (m, 5H), 6.00 (ddd, J = 17.1, 10.2, 9.1 Hz, 1H), 5.22 – 5.12
(m, 2H), 4.92 – 4.80 (m, 2H), 3.24 – 3.14 (m, 1H), 3.12 – 3.03 (m, 1H), 2.76 (t, J = 10.0
Hz, 1H), 2.57 (ddd, J = 16.4, 11.7, 3.7 Hz, 1H), 2.24 (ddt, J = 24.3, 17.2, 4.1 Hz, 2H),
2.10 – 2.01 (m, 1H), 1.90 – 1.77 (m, 1H), 1.78 – 1.74 (m, 3H), 1.74 (t, J = 3.7 Hz, 1H),
1.40 (dp, J = 15.6, 7.3, 5.9 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 180.62, 173.31,
139.88, 136.75, 128.86, 127.98, 127.82, 117.58, 77.41, 77.16, 76.90, 67.18, 51.21, 49.48,
49.18, 32.83, 32.12, 25.69, 23.47. HRMS (ESI): Calculated for [C18H26N3OS]+: X.
Found: X
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(S)-methyl N'-tosyl-N-(2-(2-vinylpiperidin-1-yl)ethyl)carbamimidothioate (3.15a)
The general procedure for the isothiourea preparation was followed except from 3.14a
(506 mg, 1.78 mmol). Pale amber oil. 70 % yield (498 mg). (45 % EtOAc in hexanes
with 0.5 % Et3N). 1H NMR (500 MHz, CDCl3) δ 8.54 (s, 1H), 7.86 – 7.80 (m, 2H), 7.28
– 7.23 (m, 2H), 5.80 (ddd, J = 17.2, 10.2, 8.7 Hz, 1H), 5.16 – 5.04 (m, 2H), 3.25 (dddt, J
= 21.4, 12.4, 5.7, 3.1 Hz, 2H), 2.98 (ddd, J = 13.1, 9.7, 5.9 Hz, 1H), 2.92 – 2.85 (m, 1H),
2.69 (td, J = 9.3, 3.1 Hz, 1H), 2.41 (s, 3H), 2.37 (s, 3H), 2.23 (ddd, J = 13.1, 5.0, 3.8 Hz,
1H), 2.04 (td, J = 10.9, 3.4 Hz, 1H), 1.72 (dtd, J = 16.1, 4.3, 2.2 Hz, 1H), 1.68 – 1.59 (m,
2H), 1.59 – 1.48 (m, 1H), 1.38 – 1.33 (m, 1H), 1.33 – 1.28 (m, 1H). 13C NMR (126 MHz,
CDCl3) δ 168.79, 142.53, 141.41, 140.10, 129.31, 126.45, 116.42, 77.41, 77.16, 76.90,
66.77, 52.12, 51.71, 41.06, 33.48, 25.89, 23.66, 21.61, 14.36. HRMS (ESI): Calculated
for [C18H28N3O2S2]+: X. Found: X

(S)-methyl N'-trifluoromethylsulfonyl-N-(2-(2-vinylpiperidin-1yl)ethyl)carbamimidothioate (3.43a) The same procedure for the preparation of 2.82
was followed except from 3.14a (388 mg, 1.36 mmol). Colorless solid. 69 % yield (355
mg) (25 % EtOAc in hexanes with 0.35 % Et3N). 1H NMR (500 MHz, CDCl3) δ 8.99 (s,
1H), 5.74 (ddd, J = 17.2, 10.2, 8.8 Hz, 1H), 5.17 – 5.07 (m, 2H), 3.38 – 3.24 (m, 2H),
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3.03 (ddd, J = 13.1, 9.9, 5.9 Hz, 1H), 2.89 – 2.82 (m, 1H), 2.70 (td, J = 9.3, 3.1 Hz, 1H),
2.49 (s, 3H), 2.27 (ddd, J = 13.2, 4.8, 3.6 Hz, 1H), 2.06 (td, J = 11.1, 3.1 Hz, 1H), 1.76 –
1.66 (m, 1H), 1.67 – 1.61 (m, 1H), 1.63 – 1.58 (m, 1H), 1.55 (dt, J = 14.5, 3.8 Hz, 1H),
1.54 – 1.44 (m, 1H), 1.31 (dtt, J = 12.7, 11.5, 4.1 Hz, 1H). 13C NMR (126 MHz, CDCl3)
δ 173.41, 141.01, 124.03, 121.84, 119.37, 116.81, 116.17, 77.41, 77.16, 76.91, 66.70,
51.54, 51.07, 41.43, 33.29, 25.77, 23.58, 14.77. HRMS (ESI): Calculated for
[C12H21F3N3O2S2]+: X. Found: X

(S)-tert-butyl methylthio(2-(2-vinylpiperidin-1-yl)ethylamino)methylenecarbamate
(3.16a) The same procedure for the preparation 2.59Sa was followed except from 3.14a
(540 mg, 1.90 mmol). Dark amber oil. 70 % yield (433 mg). (20 % EtOAc in hexanes
with 0.3 % Et3N). 1H NMR (500 MHz, C6D6) δ 10.19 (s, 1H), 5.88 – 5.77 (m, 1H), 5.00 –
4.89 (m, 2H), 3.07 (d, J = 11.8 Hz, 2H), 2.76 (ddd, J = 13.1, 8.8, 6.5 Hz, 1H), 2.59 (dt, J
= 11.5, 4.0 Hz, 1H), 2.47 – 2.40 (m, 1H), 2.25 (s, 3H), 1.85 (dt, J = 13.1, 4.6 Hz, 1H),
1.70 (td, J = 14.4, 11.6, 3.0 Hz, 1H), 1.52 (s, 9H), 1.48 – 1.40 (m, 3H), 1.38 – 1.32 (m,
2H), 1.09 (dt, J = 13.2, 8.5 Hz, 1H). 13C NMR (126 MHz, C6D6) δ 172.68, 162.37,
141.73, 127.98, 127.88, 127.78, 127.68, 127.59, 127.49, 115.55, 77.77, 66.41, 52.67,
51.57, 40.84, 33.40, 28.09, 25.77, 23.56, 13.34. HRMS (ESI): Calculated for
[C16H30N3O2S]+: X. Found: X
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(S)-methyl N'-tosyl-N-(2-(2-vinylpiperidin-1-yl)acetyl)carbamimidothioate (2.116)
The same procedure for the preparation of 2.96S was used except from 3.20 (240 mg,
1.43 mmol). Colorless oil. 20 % yield (112 mg) (20 % MTBE in hexanes) 1H NMR (500
MHz, CDCl3) δ 12.34 (s, 1H), 7.81 – 7.75 (m, 2H), 7.24 (d, J = 8.0 Hz, 2H), 5.71 (ddd, J
= 17.2, 10.2, 8.7 Hz, 1H), 5.17 – 5.04 (m, 2H), 3.50 (d, J = 17.6 Hz, 1H), 2.84 – 2.75 (m,
2H), 2.75 – 2.67 (m, 1H), 2.36 (s, 3H), 2.25 (dd, J = 11.5, 2.8 Hz, 1H), 2.21 (s, 3H), 1.81
(qt, J = 12.1, 3.8 Hz, 1H), 1.71 (dtt, J = 11.7, 4.1, 2.1 Hz, 1H), 1.66 – 1.56 (m, 3H), 1.25
(ttd, J = 14.9, 8.8, 7.3, 3.1 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 171.85, 166.52,
143.65, 140.08, 138.70, 129.61, 126.70, 118.32, 77.41, 77.16, 76.90, 66.73, 58.99, 54.98,
32.75, 25.53, 23.57, 21.69, 14.95. HRMS (ESI): Calculated for [C18H26N3O3S2]+: X.
Found: X

(S)-methyl N'-tosyl-N-(3-(2-vinylpiperidin-1-yl)propyl)carbamimidothioate (3.15b)
The general procedure for the isothiourea preparation for 2.59Sa was followed except
from 3.14b (462 mg, 1.55 mmol). Colorless Solid. 75 % yield (455 mg). (45 % EtOAc
in hexanes with 0.5 % Et3N). 1H NMR (500 MHz, CDCl3) δ 8.45 (s, 1H), 7.80 (d, J = 7.9
Hz, 2H), 7.26 (d, J = 7.9 Hz, 2H), 5.77 (dt, J = 18.1, 9.4 Hz, 1H), 5.17 – 5.01 (m, 2H),
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3.31 (q, J = 6.4 Hz, 2H), 2.98 – 2.90 (m, 1H), 2.84 – 2.75 (m, 1H), 2.57 (td, J = 9.4, 3.3
Hz, 1H), 2.41 (s, 3H), 2.34 (s, 3H), 2.15 (dt, J = 12.6, 5.7 Hz, 1H), 1.96 (td, J = 10.7, 4.6
Hz, 1H), 1.78 (dq, J = 14.5, 7.2 Hz, 1H), 1.72 (d, J = 5.3 Hz, 1H), 1.71 – 1.66 (m, 1H),
1.63 (s, 1H), 1.61 (d, J = 5.1 Hz, 1H), 1.60 – 1.54 (m, 1H), 1.51 (dd, J = 14.6, 11.3 Hz,
1H), 1.29 (ddt, J = 18.3, 11.7, 5.9 Hz, 1H).

13

C NMR (126 MHz, CDCl3) δ 169.03,

142.57, 141.89, 140.24, 129.35, 126.30, 115.94, 77.42, 77.37, 77.16, 76.91, 67.13, 52.80,
52.47, 43.53, 33.25, 25.81, 25.71, 23.93, 21.62, 14.32, 0.12. HRMS (ESI): Calculated for
[C19H30N3O2S2]+: X. Found: X

(S)-tert-butyl methylthio(3-(2-vinylpiperidin-1-yl)propylamino)methylenecarbamate
(3.16b) The same procedure for the preparation 2.59Sb was followed except from 3.14b
(707 mg, 2.37 mmol). Amber oil. 68% yield (553 mg) (30 % EtOAc in hexanes with
0.3 % Et3N). 1H NMR (500 MHz, C6D6) δ 10.15 (s, 1H), 5.77 (ddd, J = 17.3, 10.2, 8.6
Hz, 1H), 5.04 – 4.94 (m, 2H), 3.08 (tq, J = 13.3, 6.7 Hz, 2H), 2.73 – 2.61 (m, 2H), 2.43 –
2.35 (m, 1H), 2.22 (s, 3H), 1.83 (ddd, J = 13.0, 5.8, 4.3 Hz, 1H), 1.65 (td, J = 11.2, 2.9
Hz, 1H), 1.60 – 1.56 (m, 1H), 1.54 (s, 1H), 1.51 (s, 10H), 1.48 (s, 1H), 1.46 – 1.36 (m,
2H), 1.25 (dqd, J = 13.1, 6.5, 4.6 Hz, 1H), 1.15 (dtt, J = 12.5, 8.2, 4.1 Hz, 1H). 13C NMR
(126 MHz, C6D6) δ 172.64, 162.66, 142.63, 128.25, 128.06, 127.87, 115.48, 78.08, 67.41,
52.82, 52.28, 42.71, 33.70, 28.49, 26.97, 26.00, 24.28, 13.67. HRMS (ESI): Calculated
for [C17H32N3O2S]+: X. Found: X
143

N-((E)-1,9-diazabicyclo[7.2.1]dodec-3-en-12-ylidene)-4-methylbenzenesulfonamide (3.29a)

The general desulfurization procedure was followed except with 3.15a (57 mg, 0.149
mmol) to obtain the zwitterionic intermediate as a colorless solid. The solid was then
suspended in benzene was brought to reflux, and allowed to react for 16 hours. The
solvent was then removed via vacuo and the crude residue was purified to obtain 3.29a as
a colorless solid in 75 % yield (36.2 mg) (gradient 5 % MeOH in DCM).. 1H NMR (500
MHz, CDCl3) δ 7.88 – 7.82 (m, 2H), 7.23 (d, J = 8.0 Hz, 2H), 6.10 – 5.97 (m, 1H), 5.60 –
5.51 (m, 1H), 4.59 (dd, J = 13.9, 10.4 Hz, 1H), 4.03 (s, 1H), 3.58 (q, J = 9.4, 8.9 Hz, 1H),
3.50 (dd, J = 12.0, 9.3 Hz, 1H), 3.46 – 3.38 (m, 1H), 3.18 – 3.10 (m, 1H), 3.05 (dt, J =
14.2, 6.7 Hz, 2H), 2.39 (s, 3H), 1.79 (t, J = 49.1 Hz, 4H), 1.57 – 1.43 (m, 2H). 13C NMR
(126 MHz, CDCl3) δ 164.12, 141.65, 141.63, 139.92, 139.82, 128.98, 126.49, 120.40,
77.41, 77.36, 77.16, 76.91, 59.90, 48.08, 47.24, 45.99, 34.26, 29.40, 25.66, 21.54, 0.09.
HRMS (ESI): Calculated for [C17H23N3O2S]+: X. Found: X

N-((E)-1,9-diazabicyclo[7.2.1]dodec-3-en-12-ylidene)-1,1,1-

trifluoromethanesulfonamide (3.44a) General desulfurization condition was followed
with the isothiourea 3.43a (46 mg, 0.128 mmol) except that reaction was brough to reflux
and allowed to react for 16 hours. Colorless solid. 76 % yield (30.1 mg) (5 % MeOH in
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DCM). 1H NMR (500 MHz, CDCl3) δ 6.07 – 5.92 (m, 1H), 5.57 (t, J = 14.1 Hz, 1H),
4.34 (dd, J = 14.1, 10.4 Hz, 1H), 4.04 (t, J = 12.4 Hz, 1H), 3.76 – 3.61 (m, 2H), 3.55 (dd,
J = 14.0, 4.8 Hz, 1H), 3.32 – 3.23 (m, 2H), 3.23 – 3.16 (m, 1H), 2.45 (s, 1H), 2.09 – 1.94
(m, 1H), 1.94 – 1.84 (m, 1H), 1.78 (s, 1H), 1.52 (t, J = 12.8 Hz, 2H).

13

C NMR (126

MHz, CDCl3) δ 166.29, 140.18, 123.39, 120.84, 119.66, 118.31, 115.76, 77.41, 77.36,
77.16, 76.91, 60.83, 48.03, 47.73, 46.61, 34.31, 28.05, 25.17. HRMS (ESI): Calculated
for [C11H17F3N3O2S]+: X. Found: X
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CONCLUDING REMARKS
The ring expansion reactions of the vinyl pyrrolidines and the vinyl piperidines using
the intramolecular 1,3-diaza-Claisen rearrangement have afforded guanidine containing
medium-sized rings in great success. The two systems exhibited the totally different
reactivity that the rearrangement takes place to the different nitrogen atoms. The vinyl
pyrrolidine showed the exclusive bond formation with the exocyclic nitrogen atom while
the vinyl piperidine has strong favorability toward the bond formation with the
endocyclic nitrogen. The difference in the reactivity of the two systems arise from the
stability of the different conformations of the zwitterionic intermediates.
The rearrangement of the vinyl pyrrolidine tether demonstrated a much facile [3,3]sigmatropic rearrangement especially with less electron withdrawing carbodiimide
tethers. The acceleration of the rearrangement is due to either the protonation of the
zwitterionic intermediate or the formation of the Lewis acid complex and undergoing the
cationic 1,3-diaza-Claisen rearrangement. The reaction works the best with the shorter
tether length, while the longer tether had resulted in disproportionation.
The vinyl piperidine ring expansion has afforded the unique 10-membered
transannular rings that contain guanidine. For this system, more electron deficient
carbodiimide worked optimal. The less electron withdrawing carbodiimide failed to
undergo the rearrangement. This trend in the reactivity is suggesting that the reaction is
likely undergoing zwitterionic [3,3]-rearrangement rather than the cationic [3,3]rearrangement due to the migration taking place to the endocyclic nitrogen, and that
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protonation of the said nitrogen halts the rearrangement. We hope to exploit this unique
system and develop a tunable reaction pathway in future.
In conclusion, guanidines are highly prevalent structure in the biologically relevant
molecules. The 1,3-diaza-Claisen rearrangement has shown its effectiveness in preparing
the complex guanidine that are difficult to be synthesized through other methods. The
examples of guanidine containing medium-sized rings are not as prevalent, and this work
provided in the dissertation has certainly show that our methodology is capable of
accessing challenging structures.
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